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Abstract

Abstract
Cardiac hypertrophy is the response of the heart to increased mechanical stress exerted
on the heart. In a hypertrophic heart, the muscles elongate or/and thicken with
cardiomyocytes growing sizes. It is assumed that cardiomyocytes elongate by adding
sarcomeres in series; the cardiomyocytes thicken with the addition of sarcomeres in the
parallel position.
In this study, a tissue-like culture model was achieved with step-like ICDs. Uniaxial static
stretch has been applied to our unique culture model for studying mechanical-load-induced
cardiac hypertrophy. Hypertrophic responses of these cardiomyocytes have been
confirmed on transcriptional and translational levels in our tissue-like model. The twophoton excitation fluorescence (TPEF)/second harmonic generation (SHG) imaging
system is a powerful tool for studying the dynamic process of sarcomeric addition in a
tissue-like culture. In this study, we determined the dynamic process of sarcomeric addition
triggered by mechanical stimulations. For the first time, various modes of dynamic
sarcomeric addition were observed at step-like ICDs. To conclude: Z discs and ICDs are
the places where sarcomeric addition occurs. The sarcomeric addition order is 1) Z discs
widen or form clusters at the sarcomere addition location; 2) myosins insert in the middle
of the widened Z discs as myosin nucleus; 3) myosins grow into the typical length; 4) the
widen Z disc split up and gradually thin back.
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Chapter 1

1. Introduction
1.1 Scope of research
The scope of this research is to time-lapse observing the process of sarcomeric addition
to determine where and how new sarcomeres are added in the hypertrophic model based
on the tissue-like culture, furthering our understanding of how misaligned sarcomeres
formed in hypertrophic hearts. In response to a series of intrinsic and extrinsic
biomechanical stimuli, the heart undergoes hypertrophy with increased size and mass of
individual cardiomyocytes. It has been demonstrated that this hypertrophic process features
the addition of sarcomeres (the most basic contractile units of a cardiomyocyte): addition
in series to elongate cardiomyocyte; addition in parallel to thicken cardiomyocytes (Figure
1). It is unknown why the addition of sarcomeres under pathological conditions would lead
to heart failure as opposed to making the heart strong. Compared with normal hearts, a
common feature in hypertrophic hearts is the misaligned sarcomeres. It proposed that these
misaligned sarcomeres cause heart function loss [5]. The misaligned sarcomeres are
proposed to be caused by sarcomeric addition [2, 6] (Figure 2).
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Figure 1 Concentric and eccentric hypertrophy can be distinguished by the orientation
in which individual sarcomeres are added. Addition of sarcomeres in parallel leads to
concentric hypertrophy, whereas their addition in series results in eccentric
hypertrophy. Reproduced from [3] with permission from National Academy of
Sciences, copyright 2011.
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Figure 2 Representative electron micrographs from LV-isolated myocytes (A through
D) and whole heart (E through H). WT (A, C, E, G); HC (B, D, F, H) Z-band registry
was frequently irregular in HC myocytes. Tissue sections from whole hearts displayed
similar features of disorganized Z-bands in the HC LV tissue compared with WT. (LV:
left ventricle; WT: wild type; HC: hypertrophic cardiomyopathy) Reproduced from [2]
with permission from National Academy of Sciences, copyright 2004.

Most previous observations were based on fixed tissues and cultures: Z discs and
intercalated discs (ICDs) have been suggested to be the sarcomeric addition sites. However,
the locations and the order cannot be confirmed due to the lack of dynamic observation.
The completion of the dynamic observation identified the geographic patterns and dynamic
process during sarcomeric addition to decipher the formation of hypertrophic features, e.g.,
misaligned sarcomeres.
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1.2 Background
Cardiac hypertrophy is the response of the heart to stimuli. In a hypertrophic heart, the
muscles elongate or/and thicken, and cardiomyocytes increase their sizes by enhancing
protein synthesis and increasing the number of organized sarcomeres. Pathological
hypertrophy is a compensatory response to ease the function decreasing in the earlier stage.
Still, instead, it is a maladaptive, end-stage process leading to heart failure or sudden death
[7]. No current treatment can prevent pathological hypertrophy from developing into heart
failure: This is due to the currently limited comprehension of the early development of
cardiac hypertrophy at the sarcomeric level.
In a healthy heart, cardiomyocytes are composed of rod-like units known as myofibrils.
Myofibrils are composed of repeating sections of sarcomeres, which appear under the
transmission electron microscope (TEM) as dark and light bands. The dark bands, A band,
are primarily constituted of myosin filaments. The light bands, I band, are mainly
comprised of actin filaments. These antiparallel actin filaments are cross-linked by αactinin at the Z discs, delineating sarcomeric boundaries [8]. An increase in the number of
sarcomeres reportedly can cause an increase in the size of the cardiomyocyte. It is assumed
that cardiomyocytes elongate by adding sarcomeres in series; the cardiomyocytes thicken
with the addition of sarcomeres in the parallel position [3].
New sarcomeric addition involves several structures during continuous contraction. Z
discs, in which α-actinin is expressed, have been proposed to be involved in the process:
Several aberrations of Z discs have been observed in hypertrophic hearts that have not been
seen in normal hearts, such as Z disc broadening [9], Z disc splitting [10], and registry loss
of Z discs [11].
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Aberrations have been found at ICDs in the hypertrophic model as well. These aberrations
include increased fold amplitude of ICDs [12] and an increase in the number of closepacked ICD separated by ten sarcomeres or less [13, 14]. These aberrations are thought to
be the location of new sarcomeric addition because there is new space for accommodating
extra sarcomeres.
However, the dynamic process of sarcomeric addition remains elusive. It is mainly due
to limitations in current hypertrophic models to visualize directly. Most early studies are
based on animal models in which hypertrophic stimulation can hardly be consistently
controlled. Further, it is challenging to observe heart samples under microscopy over a long
period.
Thus, some researchers started to investigate in vitro models. Unfortunately, these in vitro
models have the structure only partially similar to ventricular tissues without step-like
ICDs, which is essential to enable cells to experience actual mechanical interaction during
hypertrophy.
Mechanical stimulation has been unanimously agreed as a stimulus for hypertrophy with
different theories proposed [3, 15-17]. Hypertrophic responses under static stretch have
been confirmed on transcriptional, translational, and posttranslational levels, which
testifies the rationality of static stretch-induced hypertrophy culture served as an alternative
for pathological tissue samples.
Observation of the relative spatial arrangement of contractile components is essential for
understanding the process of sarcomeric addition during hypertrophy. In most early in vitro
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studies, tissues or cultures were fixed to visualize the arrangement of sarcomeric proteins
[18].
TPEF/SHG imaging system is a powerful tool for studying the dynamic process of
sarcomeric addition in a tissue-like culture. It is an intrinsic three-dimensional, highresolution, and high-contrast tool in biomedical research [19]. TPEF can be used to
visualize structures with fluorescence labeling; for example, in our study, α-actinin was
marked with enhanced yellow fluorescent protein [20]. SHG can be used to directly
visualize noncentrosymmetric structures, like sarcomeric myosin filaments [21]. This
microscopic technique is ideal for tracking sarcomeric components to assemble and mature
onto pre-existing myofibrils successively, revealing the role of Z discs and ICDs played in
sarcomeric addition.

1.3 Research goals and specific aims
In response to a series of intrinsic and extrinsic biomechanical stimuli, the heart
undergoes hypertrophy, in which the size and mass of each cardiomyocyte increase. It has
been demonstrated that this hypertrophic process features the addition of sarcomeres:
addition in series to elongate cardiomyocyte; addition in parallel to thicken cardiomyocytes.
It is unknown why adding sarcomeres under pathological conditions would lead to heart
failure instead of making it strong. Observing the sarcomeric addition process could
determine where new sarcomeres add and how they add to hypertrophic hearts, furthering
our understanding of the formation of hypertrophic features.
Most previous observations were based on fixed tissues and cultures: Z discs and ICDs
have been suggested as the sarcomeric addition sites. However, these sites and order of
protein assembly cannot be confirmed due to the lack of dynamic observation. Our
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proposal's objective is to determine the dynamic process, including the location and the
order of protein assembly, of sarcomeric addition triggered by external stimulations, e.g.,
transverse and longitudinal uniaxial stretches in a tissue-like cell culture model. Our longterm goal is to understand how sarcomeric addition during pathological hypertrophy causes
a decline in the mechanical function of cardiomyocytes. The goal of the research is to
determine the sarcomeric addition site and order. Our central hypothesis is that Z discs and
ICDs are the places where sarcomeric addition occurs. The rationale is that the completion
of this project identified the geographic patterns and dynamic process of sarcomeric
addition to deciphering the mechanism of hypertrophy occurrence. The specific aims are:

1. Determine biophysical cues for building up a tissue-like cardiomyocyte culture

model with step-like ICDs. Working hypothesis: topographic pattern, electrical, and
mechanical cues work synergistically to make in vivo-like cellular morphology, e.g.,
aligned myofibrils, organized sarcomeres, and step-like ICDs. The topographically
patterned substrate with tunable compliance was used to align cardiomyocytes. The
cell-cell coupling was reinforced by electrical or mechanical stimulation. 2D/3D
immunofluorescence staining and TEM imaging were used to evaluate cellular
morphology in the culture model. The cell culture, which is most similar to heart tissues,
was used in building up the hypertrophic model.

2. Determine the hypertrophic response in tissue-like culture models under
transverse and longitudinal uniaxial stretch. Working hypothesis: Key features of
hypertrophy (e.g., increased contractile proteins) were presented in the longitudinal and
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transverse stretch culture model. We applied longitudinal or transverse directionally
controllable static stretches to our tissue-like culture model to mimic the volume or
pressure overload, respectively. Immunofluorescence staining, western blot, and RTPCR were used to determine the hypertrophic response.

3. Determine the geographic patterns and process of sarcomeric protein assembly in
sarcomeric addition with time-lapse imaging. Working hypothesis: A multiplechannel TPEF/SHG imaging system has been built up for time-lapse imaging. A
synchronized recording system has been built up to reduce the scan times. We used the
TPEF/SHG imaging system to observe sarcomeric proteins, including α-actinin,
myosin. Myosin (cytoskeleton of cardiomyocytes) can be visualized directly by SHG
microscopy. α-actinin was marked with the yellow fluorescence protein via transfection
and imagined via TPEF to explore sarcomeric addition around Z discs and ICDs.
Sarcomeric additions have been observed to occur at Z discs and ICDs with α-actinin
and myosin actively involved.

The outcome of this work furthers the understanding of how sarcomeric addition occurs
in the hypertrophic model. The result will have a meaningful positive impact because it
lays the groundwork for understanding how hypertrophic features formed, accompanied
by hypertrophic heart tissues losing their functions.

1.4 Significant and innovation
Cardiac hypertrophy can be separated into two categories, physiological and pathological
hypertrophy. Pathological hypertrophy, the most common condition, is a compensatory
24

Chapter 1

response to ease the function decreasing at the early stage. Nevertheless, it is a maladaptive
process that leads to heart failure or sudden death at the end stage [10]. It lacks effective
treatments to prevent pathological hypertrophy from developing into heart failure. This
lack of effective therapies is due to a limited comprehension of cardiac hypertrophy at the
sarcomeric level. Recently, studies found that compared with normal hearts, more
misaligned sarcomeres presented in pathological hypertrophic hearts. They assumed the
misaligned sarcomeres were why hypertrophic hearts lost their functions at the end stage
[2, 22, 23]. Understanding sarcomeric addition will further our understanding of how
misaligned sarcomeres formed, contributing to understanding how hypertrophic heart
tissues lose their functions in pathological hypertrophy.
New sarcomeric addition involves unraveling and weaving a couple of sarcomeric
proteins in the correct orders and at suitable locations during continuous contraction. The
contractile components (actin and myosin filaments) and the structural components (αactinin) are known to be synthesized before being assembled to form a mature sarcomere
[24]. The assembly of sarcomeric proteins into their functional unit, sarcomere, must be
rapid and well-coordinated.
Observation of relative spatial arrangement of contractile components like myosin and
structural components like α-actinin (mainly expressed at Z-discs) under hypertrophic
models is essential for understanding the process of sarcomeric addition under mechanical
stimulation.
Most of the early studies were based on animal models. In animal models, hypertrophic
cues, like applied mechanical loads, can hardly be consistently controlled. In addition, it is
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challenging to observe heart samples under a conventional microscope to acquire long
period time-lapse images.
The in vitro models can replace the animal models to tackle hardly controlled
hypertrophic cues and are easy to observe with a microscope. In the in vitro model, aligned
myofibrils, organized sarcomeres, and step-like ICDs are needed to enable cells to
experience actual mechanical interaction during hypertrophy. Unfortunately, step-like
ICDs were not presented in traditional cell culture, although ICDs are speculated as
important locations for sarcomeric addition [25]. The formation of the step-like ICDs in
the culture model is vital for understanding sarcomeric addition in in vitro hypertrophic
models.
In our study, the time-lapse cell observation of sarcomeric addition in a tissue-like culture
with step-like ICDs can further our understanding of sarcomeric addition under mechanical
stimulation.
To sum up, we combined the hypertrophic model and multiple-channel TPEF/SHG
imaging system for investigating the dynamic process of sarcomeric addition. First, we
determined what combination of biophysical cues can make step-like ICDs form. Then, we
assessed the extent of hypertrophy in our hypertrophic model. After that, we optimized our
multiple-channel TPEF/SHG imaging system to determine the topographic patterns and
order of sarcomeric protein assembly. In short, we contribute the knowledge of the dynamic
process of sarcomeric addition at the molecular level, such as geographic patterns and the
order of sarcomeric protein assembly. This contribution is vital since it furthers our
knowledge about the mechanism of hypertrophic formation in pathological hypertrophy
for understanding how hypertrophic heart tissues lose their functions [5, 6].
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The innovation of this study is listed as below:
1) This is the first study to show how step-like ICD formed in in vitro models via
biophysical cues. The conventional culture model is limited in enabling actual
mechanical interaction experienced by cardiomyocytes. For investigating sarcomeric
addition, our goal is to achieve the step-like ICDs in the hypertrophic model, which is
essential to investigate sarcomeric addition since alternation has been found in ICDs in
hypertrophy hearts.

2) The traditional approach to investigating sarcomeric addition is using static staining in
animal models or in vitro models. Our goal is to record molecular changes during
hypertrophy, so we used the TPEF/SHG imaging system for time-lapse observation of
the sarcomeric addition process.
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2. Literature review
Cardiac hypertrophy is the heart's response to a series of intrinsic and extrinsic stimuli,
mainly caused by increased mechanical stress exerted on the heart. In a hypertrophic heart,
the muscles elongate or/and thicken, and cardiomyocytes increase their sizes by enhancing
protein synthesis and increasing the number of organized sarcomeres. Cardiac hypertrophy
can be separated into two categories, physiological and pathological hypertrophy. The
more common hypertrophy condition, the latter is a compensatory response to ease the
function decreasing in the earlier stage. Still, instead, it is a maladaptive, end-stage process
leading to heart failure or sudden death [7]. No current treatment can prevent pathological
hypertrophy from developing into heart failure: This is due to the currently limited
comprehension about the early development of cardiac hypertrophy at the sarcomeric level.
In a healthy heart, cardiomyocytes are composed of rod-like units known as myofibrils.
Myofibrils are composed of repeating sections of sarcomeres (Figure 3). Microscopically,
sarcomeres display a pattern of repeated dark and light bands. The dark bands, or A bands,
are primarily myosin filaments. The light bands, or I bands, are mainly actin filaments.
These antiparallel actin filaments are cross-linked by α-actinin at the Z discs, which
delineate the boundaries of sarcomeres [8]. An increase in the number of sarcomeres can
cause an increase in the size of the cardiomyocyte. It is assumed that cardiomyocytes
elongate by adding sarcomeres in series; the cardiomyocytes thicken with the addition of
sarcomeres in parallel [3].
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Figure 3 Schematic diagram of sarcomere summarizing organization and locations of
major sarcomere components. Reproduced from [1] with permission from National

New sarcomeric addition involves unraveling and weaving hundreds of sarcomeric
proteins correctly during continuous contraction. In new sarcomeric addition, the
contractile components (actin and myosin filaments) and the structural components (αactinin) are known to be synthesized before being assembled into a sarcomere. Therefore,
the assembly of sarcomeric proteins into their functional unit, the sarcomere, must be a
rapid and well-coordinated process. Z discs, in which α-actinin is expressed, have been
proposed to be involved in the process: In normal hearts, Z discs are displayed as striated
lines. Several aberrations of Z discs have been observed in hypertrophic hearts that are not
seen in normal hearts, such as Z disc broadening [9], Z disc splitting [10], and registry loss
of Z discs [11]. These aberrations are thought to occur where new sarcomeres add because
there is room for accommodating extra sarcomeres.
In addition, alterations in the ICDs have been found in the hypertrophic model. These
alterations include increased fold amplitude of ICDs and an increase in the number of
close-packed ICDs separated by ten sarcomeres or less [13, 14]. Therefore, the cell ends
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where ICDs presenting are postulated to involve new sarcomeric addition. Yoshida et al.
provided supportive evidence for sarcomeric addition occurring at ICDs. After acute
volume overload, cardiomyocyte elongation was accompanied by periodic broadening and
narrowing of ICDs [12].
However, the dynamic process of sarcomeric addition under mechanical overload
remains unrevealed. This puzzle is mainly due to limitations in the mechanical control
model and direct visualization methods. Most early studies are based on animal models in
which the applied mechanical overloads can hardly be consistently controlled. Further, it
is challenging to observe heart samples over a long period because of dehydration.
Thus, some researchers have started to investigate in vitro models. Different type
strategies have been used to achieve cardiomyocyte alignment, 1) mechanical stretch, 2)
electrical stimulation, and 3) topographic patterning. Topographic patterning can be
separated into four types: 1) micro-abrasion, 2) microcontact printing, 3) using
microgrooves, and 4) using micro wrinkles [26, 27].
In heart tissue, cardiomyocytes express a rod-like shape and are connected end-to-end to
form a long contractile muscle fiber. ICDs, unique structures that exist only in the
myocardium, are the entire region of the end-to-end abutment between cardiomyocytes.
Although these studies can achieve aligned myofibrils, the step-like ICDs are barely
achieved.
Mechanical stretching has been used by Mastsuda et al. They showed ICDs at connecting
areas of adjacent cells under 20% uniaxial cyclic stretch applied [28]. The electric field has
been used by Radisic et al. Under TEM, they found that some ultrastructure hallmarks can
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be recapitulated, like ICDs and M band, [29]. Micro-abrasion has been used by Bursac et
al. ICDs were oblique to the longitudinal axis [30]. Microcontact printing was earlier used
by McDevitt et al. They reported that cardiomyocytes assumed rod-like structures and
formed highly organized myofibrils when cultured on laminin lanes of 15-20um widths. In
the lane occupied by a series of single cells, ICDs did perpendicular to the longitudinal axis.
Nevertheless, in the broader lanes, ICDs were still oblique to the longitudinal axis [31]. In
McDevitt's later study, the laminin lanes were microprinted on biodegradable, elastomeric
polyurethane films. In the picture shown in the article, the half number of ICDs was
perpendicular to the longitudinal axis of the cardiomyocytes. It may be due to the
polyurethane films better meeting the mechanical demands of force-generating contractile
tissue [32]. Badie and Bursac et al. used microprinting with fibronectin lane. They reduced
the spacing width to promote the confluence of cardiomyocytes. Still, ICDs were oblique
to the longitudinal axis [30, 33]. Different research groups used microgroove, which spans
across different magnitudes: from tens micrometer to nanometers. Thomas et al. used 3080 μm microgroove on the cover glass. The narrower the width, the better alignment. The
ICDs, denoted by Connexin 43 (Cx 43), showed a star pattern, probably because of the
poor alignment [34]. Motlagh et al. used 5-10 μm microgrooves. They tried to recapitulate
neonatal myocyte Cx 43 and N-cadherin expression and localization. In their culture with
5µm height grooves, the ICDs were oblique to the longitudinal axis of cardiomyocytes.
However, in their culture with 2µm height grooves, the ICDs were perpendicular to the
longitudinal direction. This probably because that the lower height is easier for cells to
contact each other and freely contract. This contraction facilitated the formation of in vivolike ICDs [35]. Kim et al. used nano-groove (50-800nm). Cx 43 was presented along the
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cellular longitudinal edge, probably because of the short culture period [36]. Luna et al.
used biomimetic micro wrinkles. The step-like ICDs were formed in their culture. This is
probably because the wrinkles provide strong alignment guidance for cardiomyocytes to
align and generate the simultaneously synchronized beating [37]. Au et al. combined
biphasic electrical pulse with topographical cues. In their study, gap junctions (GJs) were
confined to the cellular boundary at the contact area rather than sparsely punctated in
neonatal cells. Transverse ICDs aligned perpendicularly to the longitudinal axis of the
cardiomyocytes [38]. Although step-like ICDs did present in other researchers' models
from time to time, there is no culture system ensuring the presence of step-like ICD. Until
now, no model tried to controllable recapitulate step-like ICD in an in vitro culture model.
ICDs play essential roles in cardiomyocytes. The primary function of the ICDs is to
facilitate mechanical and electrical coupling between adjacent cardiomyocytes through
cellular junctions distributed at ICDs. These cellular junctions (Figure 4) can be
categorized into four major types: fascia adherens (FA), desmosomes (DM), GJ [39], and
recently founded transitional junctions [4]. FAs serve as a cellular adhesion junction to
connect myofibrils in adjacent cells for force transmission. The cadherin isoform Ncadherin, a cell-cell adhesion molecule prominently found in FAs, comprises the
transmembrane part that establishes intercellular contact. At the cytoplasmic side, βcatenin and plakoglobin bind to cadherin cytoplasmic tails. β-catenin interacts with the
filamentous-actin binding adaptor protein α-catenin, which can recruit vinculin, to link
actin filaments. Cadherin-catenin complex makes the mechanical connection between
intercellular adhesion proteins and the contractile mechanism [4, 39-41]. DMs are another
type adhesion junctions to promote cell-to-cell adhesion to maintain mechanical
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stabilization of adjacent cells [39, 40]. DMs are always collocated with FA in the
myocardium and sometimes mixed with FA to form a "hybrid adhering junction" [42]. GJs
are the primary electrical transmission junctions containing low electrical resistance
channels. GJs connect contacting cells, providing electrical continuity by connexon-based
ion channels, which allow an action potential and small molecules to propagate rapidly [4,
43]. The major connexin isoform in adult ventricular myocardium, Cx 43, is another
famous marker protein labeling the ICDs with punctate points in immunofluorescence
staining [40, 44]. "Transitional junction" was found at the perimeter of FA. Its function is
to produce a robust force-resistant network between cells. [45].

Figure 4 A diagrammatic representation of three structural zones of the intercalated
disc. Reproduced from [4] with permission from National Academy of Sciences,
copyright 2009.

Most studies in the literature concentrated on the constitute of ICDs. Only a couple of
studies focused on ICD morphology. The most standard form of ICDs, commonly found
in a working ventricular myocardium of adult higher vertebrates, has a step-like
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morphology with "treads" and "risers" respectively perpendicular to and in parallel with
the longitudinal axis of the cardiomyocytes. The riser sections of ICDs lie at the interface
between two side-to-side contacting cardiomyocytes. The tread segment is at the interface
between two end-to-end connecting cardiomyocytes, typically appearance pleated [39].
Studying cell development and remodeling in a culture model requires establishing steplike ICD morphology to achieve physiological cell-cell coupling. The step-like ICD
enables actual mechanical interaction during hypertrophy to be experienced by the
neighboring cells in the culture model; this mechanical interaction is thought to be an
essential factor that causes sarcomeric addition. Therefore, there is critical to provide
tissue-like engineered cardiac cell constructs with step-like ICDs to study cardiac
hypertrophy. To ensure that engineered cell constructs retain myocardial function,
especially the electrical activated mechanical contraction, in vivo-like electromechanical
coupling between cardiomyocytes must be achieved. It means only achieving side-to-side
cardiomyocyte alignment, which has been achieved in various methods [27], is not enough
in an in vitro cardiomyocyte culture. The next effort is to promote step-like ICDs formation
in aligned cardiomyocyte culture models to accomplish electrically synchronized
mechanical contraction like in a real heart.
A hypertrophic model is needed for the observation of sarcomeric addition. It can be built
up based on a tissue-like cell culture model with hypertrophic cues. Mechanical stimulation
has been suggested as a proper candidate for hypertrophic cues. Different theories have
been proposed to show mechanical cues as the potential stimulus for sarcomeric addition
in cardiac hypertrophy, such as strain and stress theory [15], time-varied volume and wall
stress theory [16], La Place's law [3], strain-based growth law [17].
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Static stretch has been extensively used as mechanical cues in hypertrophic models.
Hypertrophic responses have been confirmed on transcriptional, translational, and
posttranslational levels in these hypertrophic models [46-52], which testifies the
cardiomyocyte culture under static stretch served as a hypertrophic model for studying
hypertrophic process. Mann et al. applied stretch on isolated cardiomyocytes on the third
day in culture. Cardiomyocyte loading resulted in increases in nuclear RNA and
cytoplasmic proteins [51]. Komuro et al. used a similar device to Mann's and found that
total cellular RNA content and mRNA levels of c-fos and skeletal a-actin were increased
after stretching [46]. Sadoshima et al. found that stretch causes induction of immediateearly genes, such as c-fos, c-jun, c-myc, JE, and Egr-1. In myocyte, the induction of
immediate-early genes was followed by the expression of "fetal" genes such as skeletal aactin, atrial natriuretic factor, and myosin heavy chain [47]. Simpson et al. aligned the
cardiomyocytes on culture. They found that stretch in parallel with the myofibrils did not
alter the turnover of the total contractile protein pool, the cytoplasmic protein pool, myosin
heavy chain, or actin. In contrast, even modest degrees of stretch across the short axis of
the myofibrils suppressed total contractile protein turnover, the turnover of myosin heavy
chain and actin, promoting the accumulation of these myofibril subunits [48]. Gopalan et
al. used an elliptical stretching device for aligned cell culture. After 24 h, they found that
the principal strain parallels to myocytes slightly increase myofibril accumulation or
expression of atrial natriuretic factor, Cx 43, or N-cadherin compared with unstretched
controls. However, principal strain transverse to myocytes resulted in vastly increased
accumulation of natriuretic factor, Cx 43, and N-cadherin [49]. To sum up, when the stretch
is applied transversely to the fiber axis, hypertrophic marker atrial natriuretic factor and
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contractile protein synthesis was largely up regulated, as observed in pressure-overload.
Compared with transverse stretch, longitudinal stretch of same extent only caused slight
increases in atrial natriuretic factor and contractile protein expression.
Though the hypertrophic response has been extensively studied, the dynamic process of
hypertrophy remains elusive. Observation of the relative spatial arrangement of
components is essential for understanding the process of sarcomeric addition under
mechanical stimulation.
The emergence of fluorescence proteins and SHG technology allows further investigation
of the dynamic sarcomeric assembly. Kenan et al. conjugated titin with green fluorescence
protein (GFP) and found overexpress titin would lead to myofibril disassembly [53].
Srikakulam et al. found that GFP-myosin emerged as globular foci at cell peripheries,
evolved to short filamentous structures, and was finally replaced by myofibrils [54]. Dabiri
et al. expressed GFP conjugated α-actinin in chicken cardiomyocytes and found that
longitudinal growth of myofibrils was accomplished by lateral coalescing of adjacent
shorter myofibrils [55]. Manisastry et al. synchronously observed fluorescent proteinconjugated N-RAP and α-actinin and discovered the function of N-RAP as scaffolds for αactinin assembly [56]. SHG signal has been used to investigate myosin expression [57, 58].
More importantly, this technology allows us to observe time-lapse live imaging [59].
Dynamic observation of sarcomeric addition via SHG has been applied on single cells. It
leads to discovering various sarcomeric addition modes, including end mode, side mode,
middle part mode, and splitting mode [60].
Both TPEF and SHG imaging techniques are powerful tools for studying cardiomyocytes'
dynamic processes. Both TPEF and SHG are nonlinear processes that simultaneously
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absorb two photons with the same wavelength by a fluorophore, yielding one photon with
a shorter wavelength. Both are intrinsic three-dimensional, high-resolution, and highcontrast tools in biomedical research [19]. Phototoxicity induced by out-of-focus light is
reduced, especially for SHG, in which two photons with the same wavelength are
simultaneously scattered by the same molecule, yielding one photon with exactly half the
wavelength and double energy. Further, the double wavelength required for both TPEF and
SHG imaging can provide a deeper penetration inside biological samples [61, 62]. TPEF
can be used to visualize structures with fluorescence labeling [20]. SHG is intrinsic to
noncentrosymmetric structures and can detect some biological samples without protein
labeling [21].
To sum up, TPEF/SHG imaging system is a powerful tool for studying the dynamic
process of sarcomeric addition in the tissue-like culture. This microscopic technique is
ideal for tracking sarcomeric components to assemble onto pre-existing myofibrils during
contraction and for revealing the role of Z discs and ICDs in sarcomeric addition under
mechanical stimulation.
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3. In Vivo-Like Morphology of Intercalated
Discs Achieved In a Neonatal
Cardiomyocyte Culture Model
3.1 Introduction
In heart tissue, cardiomyocytes express a rod-like shape and are connected end-to-end to
form a long contractile muscle fiber. The entire region of the end-to-end abutment between
cardiomyocytes consists of intercalated discs, unique structures that exist only in the
myocardium. The primary function of the intercalated discs (ICDs) is to facilitate
mechanical and electrical coupling between adjacent cardiomyocytes through cellular
junctions distributed at ICDs. These cellular junctions can be categorized into four major
types [39]: FA, desmosome (DM), GJ, and the recently described transitional junction [4].
FA serves as a cellular adhesion junction to connect myofibrils in adjacent cells for force
transmission. The cadherin isoform N-cadherin, a cell-cell adhesion molecule prominently
found in FA, establishes intercellular contact in the transmembrane. On the cytoplasmic
side, β-catenin and plakoglobin bind to cadherin cytoplasmic tails. β-catenin interacts with
the filamentous-actin-binding-adaptor protein α-catenin, which can recruit vinculin to link
actin filaments, among the most important components of the contractile mechanism in
cardiac muscle cells. The cadherin-catenin complex is the mechanical connection between
intercellular adhesion proteins and the contractile mechanism [4, 39-41, 63]. DM, another
type of adhesion junction, promotes cell-cell adherence [39, 40]. DM is always collocated
38

Chapter 3

with FA in the myocardium and sometimes mixed with FA to form a "hybrid adhering
junction" [42]. GJs are the major electrical transmission junctions containing low electrical
resistance channels. GJs connect contacting cells, providing electrical continuity by
connexon-based ion channels, which allow an action potential to propagate rapidly [4, 43].
The functions of the ICD components depend heavily on ICD morphology. The most
typical features of ICDs, commonly found in working ventricular myocardium of adult
higher vertebrates, are that 1) viewed along the longitudinal axis of the cardiomyocytes,
they display a disk morphology and 2) viewed laterally, they exhibit a step-like
morphology with "treads" and "risers" respectively perpendicular to and in parallel with
the longitudinal axis. The tread segments, which are at the interfaces between two end-toend connecting cardiomyocytes, typically have a pleated appearance [64]. The riser
sections of ICDs lie at the interface between two side-to-side contacting cardiomyocytes.
An in vivo-like electromechanical coupling between cardiomyocytes must be achieved to
ensure the engineered cell constructs retain the electrically activated mechanical
contraction [65]. Aligned cardiomyocyte elongation and end-to-end cardiomyocyte
connection must be formed at first.
According to the literature, the most effective method for achieving cardiomyocyte
alignment is topographic patterning, which is classified into four types: 1) microabrasion
[30]; 2) microcontact printing [30-33]; 3) microgroove guidance [34, 35, 66]; and 4)
biomimetic microwrinkle guidance [37]. PDMS (polydimethylsiloxane) is a fully
characterized biocompatible material [67] and has been widely used to achieve
cardiomyocyte alignment. PDMS-based methods to achieve cell alignment have mainly
been applied in categories 2, 3, and 4. Microgrooves are advantageous because they are
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easy to use, provide consistency of geometry and physical conditions, and maintain their
integrity throughout the life of the cell culture. More importantly, only in the microgroove
method can the compliance of the PDMS substrate be adjusted. Consequently, we chose
this method for cardiomyocyte alignment. Notably, in most studies reported in the literature,
PDMS substrates were not suspended: Cells were cultured on PDMS bound to a hard
surface.
Achieving only end-to-end cardiomyocyte alignment (which has been accomplished by
various methods [68]) in an in vitro cardiomyocyte culture is insufficient to study
mechanical interaction between adjacent cells. Here we report our research results of
promoting in vivo-like ICDs formation in an aligned cardiomyocyte culture model,
including a microgrooved PDMS substrate to achieve cardiomyocyte alignment.

3.2 Materials and Methods
3.2.1

Fabrication of microgrooved PDMS with tunable Young's modulus

Microgrooved PDMS was fabricated using soft lithography techniques. Briefly, SU82005 (Microchem) was gently mixed with cyclopentanone (Acros Organics) at a 1:1 (w/w)
ratio. The mixture was spun on a silicon wafer at 2000 rpm for 30 s and baked at 95 °C for
5 min to achieve a 1.5 μm thick coating. This thickness was used throughout the
experiments. By changing the photoresist spinning speed, 0.5 and 5 μm groove depths were
achieved, which were used to test the effect of groove depth on the alignment of cells. The
coated photoresist was exposed to UV light (75 mJ/cm2) through a mask that featured 10
µm wide, and 10 µm spaced strips on Karl Suss mask aligner (SUSS MicroTec), followed
by a hard bake at 95 °C for 5 min. The photoresist was then washed with SU8 developer
(Microchem) to remove the unexposed and thus uncrosslinked photoresist, thereby forming
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microgrooves. The silicon wafer with microgroove features (referred to hereafter as
"master") was further hard-baked at 150 °C for 90 min. Before use, the master was silanized
with trimethylchlorosilane (Sigma) vapor for 20 min.
The PDMS substrates were cast from the master, and thus the surface had regularly
spaced features: uniformly distributed rectangular grooves and ridges (Figure 5A).
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Figure 5 cardiomyocyte-culture apparatus and analysis method. (A) Phase images of
the microfabricated grooved substrate: upper panel: top view; bottom panel: crosssectional view. Scale bar = 20 µm. (B) cardiomyocyte -culture device with electrical
stimulation: Four PDMS cell culture chambers (Only frames (cyan) shown)).
Submersible protrusions on black carbon bars served as electrodes in cardiomyocyte culture medium. (C) The cyclic stretcher: On a single side only, yellow segments were
driven by the motor system to stretch the four PDMS chambers. (D) cardiomyocyte
alignment and ICD orientation analyzed using the staining images of the cardiac cells
(only α-actinin staining shown here). Scale bar = 20 µm. (E) cardiomyocyte alignment
as an orientation spectrum obtained from D. (F) With the removal of the side frequency,
the orientation spectrum in a polar coordinate system. (G) ICD orientation analyzed by
first selecting an ROI (white rectangular frames), then conducting binarization inside
ROI using a threshold of 85 % highest grey level; ICD orientations obtained by fitting
the binarized data to a straight line (purple) and calculating the slope of the line. Scale
bar = 10 µm.
Substrates with 0.5± 0.2 μm, 1.5 ± 0.2 μm and 5± 0.2 μm were fabricated with the

calibrated machine accuracy of 0.2 μm. Our preliminary data showed that 1.5 ± 0.2 μm

substrates were the best for creating complete cardiomyocyte alignment, and thus this depth
was used in the experiments reported here. The thickness of the PDMS substrate used for
this study was 180 ± 10 μm.
In this study, PDMS substrates with two values of Young's modulus were prepared: 1.72
MPa and 130 kPa [69]. The Young's modulus most commonly used for PDMS is 1.72 MPa;
Young's modulus of a normal heart is at the level of 10 kPa [70]. Practically, 130 kPa is
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the minimal Young's modulus at which we can repeatedly produce identical grooves for
experimental design. In addition, a too-soft substrate cannot be used to achieve the
stretching described later. The 130 kPa PDMS substrate was tuned by mixing Sylgard 527
gel (Sylgard 527, Dow Corning) and Sylgard 184 gel at different mass ratios (5:1). The
Young's modulus of the PDMS substrate was monitored with a material testing machine
(Instron). The PDMS substrate (membrane) was glued with fresh liquid PDMS to a PDMS
frame (a 4 mm-thick rectangular frame with an internal dimension of 60 mm length, 16
mm width and 3.5 mm height) cast from a machined acrylic mold to form a cell culture
chamber (referred to hereafter as "chamber").
After gluing the PDMS substrate, we immediately added water to the top of the membrane
to create an excess membrane area (The area of the membrane was larger than the area of
the bottom of the chamber frame), as shown in Figure 6A and B. Excess areas created by
water with a volume of 500 µl, 1 ml, and 2 ml were studied; a substrate created by water
with a volume of 500 µl was used in the experiments since it produced the most confluent
layer of cell culture.
Compliance (the inverse of stiffness) is mainly determined by Young's modulus of the
PDMS and the geometry of the PDMS substrate. Due to the complexity of the geometry,
we used a custom-defined effective stiffness to quantify the system's compliance. The
effective stiffness was defined as the force exerted by the medium divided by the average
PDMS deformation. We explored the compliance by filling a chamber with water, as
shown in Figure 6C. The chamber was covered with a coverglass with a gap for pipetting
water until the entire chamber was filled. The force (F) was the weight of the water with a
density of ρ, which was calculated from the volume (V) of the filled chamber via F = ρ ×
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V × g. The average PDMS deformation (∆d) was estimated by dividing the volume of
excess water (∆V, the filled volume subtracted by the chamber volume, 3.4 ml) by the inner
cross-sectional area of the chamber (A = 10 cm2 ) via ∆d = ∆V /A. The effective stiffness
of 130 kPa substrate created by adding water in the amounts of 500 µl, 1 ml, and 2 ml and
of 1.72 MPa substrate created with 500 µl water was evaluated, as its definition via k =
F/∆d and is shown in Table 3.1.

Figure 6 A and B: Creating an excess membrane area. C: Measuring effective stiffness.

Table 3.1
Evaluation of the substrate's effective stiffness (mean ± absolute error from 3 samples)

Membrane

The volume
of water

The volume

Force

of excess

exerted by

water
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filling

130 kPa with
500 µl
130 kPa with
1 ml
130 kPa with
2 ml
1.72 MPa
with 500 µl

3.2.2

(∆V, ml)

water filling

chamber

chamber

(V, ml)

(F, 10-2 N )

5.9 ± 0.9

2.5 ± 0.9

5.9 ± 0.9

0.25 ± 0.09

24 ± 7

6.8 ± 0.8

3.4 ± 0.8

6.8 ± 0.8

0.34 ± 0.08

20 ± 3

8.5 ± 0.6

5.1 ± 0.6

8.5 ± 0.6

0.51 ± 0.06

17 ± 1

4.5 ± 0.5

1.1 ± 0.5

4.5 ± 0.5

0.11 ± 0.05

40 ± 26

Tissue collection, cell isolation, and culture

Four-week-old adult male Sprague-Dawley rats were euthanized to collect heart tissues
according to procedures approved by the Clemson University Institutional Animal Care
and Use Committee (protocol number AUP2017-069). Sprague-Dawley (SD) neonatal rats
(Day 3) were euthanized according to a procedure approved by Clemson University
Institutional Animal Care and Use Committee (protocol number AUP2016-042). We
placed rats under general anesthesia using inhalation of isoflurane in the induction chamber
before the loss of consciousness (flow rate:1-4% isoflurane) followed by inhalation of
isoflurane through nosecone (flow rate: 5% isoflurane), which was maintained during
euthanasia. The procedure conforms to the Guide for the Care and Use of Laboratory
Animals (NIH Publication, 8th Edition, 2011). Ventricular cardiomyocytes were isolated
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from the neonatal rat's hearts using a two-day protocol described in our previous
publication [71].
Meanwhile, PDMS culture chambers were autoclaved and coated with freshly prepared
fibronectin solution (20 µg/ml) (Sigma-Aldrich) overnight. After the fibronectin solution
was aspirated, the coated PDMS substrate was rinsed once with the warm medium.
Cardiomyocytes were then seeded at 1.5×106 cells per chamber. The cells were cultured at
37 ℃ with 5% CO2 in DMEM (Gibco) supplemented with 1% antibiotic-antimycotic

(Gibco) and 10% fetal bovine serum (Sigma-Aldrich). Cells were allowed to attach to the
substrate for one day. The medium was replaced one day after cell seeding, and unattached
cells were rinsed off. The medium was replaced every 36 hrs thereafter.
3.2.3

Electrical stimulation device

This study constructed a polyetheretherketone (PEEK) culture box with four slots with
open bottoms (Figure 5B). Four PDMS chambers were placed on the box, each chamber
respectively at one of the four slots. The bottom of each chamber could be suspended due
to the opening bottom of each slot (e.g., the two white slots, Figure 5B) or be seated on a
coverglass placed on a slot to close the opening (e.g., the grey bottom slots in Figure 5B).
Electrical stimulation was achieved by using two pure carbon bars (Ladd Research
Industries) mounted on the culture box; the bars were machined to submerge their
protrusions in the cardiomyocyte culture to serve as electrodes. The carbon bars were
cabled to the stimulator, which comprised a stimulation signal generator (STG1008,
Multichannel Systems) and a power amplifier (model UT01, Marchand Electronics). Cells
were stimulated with a biphasic pulse (1ms "+ pulse" followed by 1ms "- pulse") train (1
Hz) at 3.6 peak-peak V/cm.
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3.2.4

Cyclic stretch device

After cells had been seeded for 3 hrs or 24 hrs, the chambers were moved to the stretch
device (Figure 5C), custom-built to stretch four chambers. The chambers were hung in the
air on the stretch arms with hooks mounted on a PEEK base. Carbon bars were mounted
on the stretcher arms for electrical stimulation as described above. A stepper motor was
used to drive the stretch arms. A cyclic stretch program was designed to achieve a 0.3 s
triangular wave stretch (linear speed back and forth) at 5% stretch magnitude or 0.5 s
similar stretch at 10% stretch magnitude. Both conditions included a 0.7 s relaxed stage for
each cycle. Longitudinal stretch has been used in the cyclic stretch, in which the direction
of load is parallel to the microgrooves and the cardiomyocyte culture. The chamber was
stretched for a period of 5 or 6 days. In addition, electrical stimulation was provided to the
chambers without mechanical stretch to study the difference between electrical-triggeringcaused internal cell stretch and externally exerted mechanical stretch.
3.2.5

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde (pH 7.4)(Sigma-Aldrich) for 10 min, rinsed
thoroughly with phosphate-buffered saline (PBS) (Sigma-Aldrich), penetrated with 0.25%
Triton X-100 (Sigma-Aldrich) for 15 min and blocked with 10% (v/v) normal donkey
serum (Sigma-Aldrich) at 4 °C overnight. The myofibrils were labeled by α -actinin

staining (mouse anti-α-actinin, Sigma-Aldrich, 1:500). FAs were labeled with N-cadherin

staining (rabbit anti-pan-cadherin, Abcam, 1:200). Secondary antibodies followed all
primary antibodies: Alexa Fluor 488-conjugated donkey anti-rabbit IgG (H+L) (Jackson
ImmunoResearch, 1:500), Alexa Fluor 594-conjugated donkey anti-mouse IgG (H+L)
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(Jackson ImmunoResearch, 1:200). Immunocytochemistry observation was conducted
with Carl Zeiss Axiovert 200m and a Leica TCS SPE confocal microscope for 3D
reconstruction.
3.2.6

Transmission electron microscopy

Cardiomyocyte culture and heart-tissue blocks were fixed with 2% glutaraldehyde
(Electron Microscopy Sciences) in PBS for 30 min at room temperature. After fixation,
cardiomyocyte culture and blocks were rinsed in PBS and post-fixed in 1% osmium
tetraoxide (Sigma-Aldrich) in distilled water for 1 hr. Cells were dehydrated in a serial
gradient of ethanol; they were rinsed with ethanol (Sigma-Aldrich)-acetonitrile (ACN)
(Sigma-Aldrich) mixtures with a serial ratio. Then, the cardiomyocyte cultures were
penetrated in ACN-PolyBed (Polysciences, Inc) mixture with a serial ratio. The
cardiomyocyte culture was penetrated with 100% PolyBed overnight and cured at 60°C in
an oven for 48 hrs. A 90 nm section was cut with a Leica UltraCutR, and sections were
placed on a copper grid (400 µm square) on a glass slide for staining. The staining was
conducted with 2% uranyl acetate (SPI) for 40 mins at 37 ℃ in a dark room and 4% lead
citrate (Sigma-Aldrich) for 4 mins in a CO2-free environment. Sections were desiccated

overnight before imaging with JEOL TEM at 120 kV.
3.2.7

Blebbistatin test

Blebbistatin is an inhibitor used to inhibit myosin ATPase activity, inhibiting actomyosinbased motility. Blebbistatin (10 μM) (Sigma-Aldrich) was applied to the cardiomyocyte
culture chamber with a 130 kPa suspended substrate with electrical stimulation.
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3.2.8

Summary of different test groups

Eight different test groups have been summarized in Table 3.2.
Table 3.2
Experimental Conditions for Each Test Group
Experimental

Grooved

Young's

Substrate

Electrical

Cyclic

Test Group

Substrate

Modulus

Suspension:

Stimulation

Stretching

×

×

×

×

×

×

×

×





×

×

of

Blebbistatin

the suspended

Substrate

(√) or set on
glass (X)

Group 1 (G1)

×

1.72
MPa

Group 2 (G2)



1.72
MPa

Group 3 (G3)



1.72
MPa

Group 4 (G4)



130 KPa



×

×

×

Group 5 (G5)



130 KPa

×



×

×

Group 6-1



130 KPa





×

×

Group 6-2



130 KPa





×



Group 7 (G7)



130 KPa



×



×

(G6)

Group 8 (G8)

Heart Tissue from Adult Rat
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3.2.9

Analysis

10 fields of view were arbitrarily selected from each culture chamber to record
fluorescence images to characterize cardiomyocyte alignment and ICD orientation among
different groups (e.g., Figure 5D). The myofibril alignment, used to evaluate
cardiomyocyte alignment in our study, was assessed through the stained α-actinin. A
MATLAB Fourier transform program was developed to assess the alignment of myofibrils:
From the spatial frequency, the corresponding alignment was calculated using the arctan
function. The spatial frequency corresponding to the spectral pick (Figure 5E) was selected
for each image to calculate the average myofibril alignment, referred to hereafter as the
axis of cardiomyocyte alignment. The percentage of the alignment was calculated from the
sum of the spectral components corresponding to the alignment direction within ± 15°, ±
20°, and ± 30° of the average myofibril alignment divided by the total alignment spectrum.
The percentage is used for quantifying cardiomyocyte alignment. When the myofibrils
were linearly aligned (e.g., > 70% aligned within ± 15°), an extra band-pass filter was
designed to remove a side spatial frequency caused by the parallel myofibrils (Figure 5E).
Typically, this side frequency corresponded to a direction perpendicular to the average
alignment. Therefore, the band-pass filter was designed to remove the orientation spectrum
within ± 15° centered at 90° of the axis of cardiomyocyte alignment (the pick spectrum).
The percentage of the alignment was calculated after removing this side frequency from
all spectra (e.g., Figure 5F).
A second MATLAB program was developed to assess ICD orientation. Fluorescence
images of stained N-cadherin were used for the analysis. First, regions of interest (ROIs)
were selected manually to cover the transverse sections of arbitrarily selected ICD. Each
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ROI was binarized with a threshold of 85% of the highest gray level. The binarized image
was linearly fitted, and the slope of the fit line was used as the orientation of the transverse
ICD (Figure 5G). To simplify the description, ICD orientation is used throughout this paper
without explicitly proving the slope. The angle between the axis of cardiomyocyte
alignment and the ICD orientation were calculated and defined here as the angle of ICD,
which was presented with Rozeta software (Jacek Pazera) to provide a rose diagram. The
percentage of step-like ICDs was calculated from the number of ICDs whose angles were
within ± 30° of 90° divided by the total number of ICDs.
3.2.10 Statistics
In total, eight different test groups (G1-G8) were investigated. For each test group,
multiple samples (e.g., identical culture chambers) were tested. Before data from different
samples in the same test group were merged, Levene's test was used to assure equal
variance could be assumed. For comparing differences among groups without normally
distributed or equal variance, Kruskal–Wallis one-way ANOVA test followed by
Tamhane's T2 test was used. For studying the difference between the two groups, we used
Student's t-test for equal variance. For all tests, P-values of less than 0.05 were considered
significant.

3.3 Result
3.3.1

Cell alignment

Our neonatal rat ventricular cardiomyocyte isolation and cell culture experience has
demonstrated that our purified cardiomyocytes initially contained approximately 5%
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fibroblasts. After one week, the number of fibroblasts would increase to more than 50% in
a random culture. However, in aligned culture, the fibroblast-proliferation rate would be
decreased. Consequently, in our cell-culture studies, cytosine arabinoside (Ara-C) that is
typically added in cardiomyocyte cultures to inhibit fibroblast proliferation was not added
to avoid Ara-C's effects on cardiomyocyte growth maturation.
Cardiomyocyte alignments were evaluated after 6-days in culture through Fourier
transforming the fluorescence images of stained α-actinin (Figure 7). As early as 3 hrs after
cell seeding, the plated cardiomyocytes started to attach to the PDMS substrate coated with
fibronectin. After 24 hrs, most of the cells had attached and started to spread along the
grooved substrate. On Day 3, the aligned cells became confluent and remained confluent
when the culture was fixed on Day 6 for microscopic analysis. Most of the culture regions
showed a confluent monolayer of cells. In some areas, another one to two layers of cells
was observed. Figure 8 shows quantified cell alignments under the first six (G1-G6) and
the last (G8) conditions listed in Table 3.2. The percentages of the alignment within ± 30°
of the average myofibril aligning direction were used to compare cardiomyocyte alignment
among different test groups. Kruskal–Wallis one-way ANOVA test followed by Tamhane's
T2 test showed that 1) alignments under G4 and G5 were comparable to that in adult rat
heart tissue (G8); 2) Alignments under G2, G3, and G6 were slightly higher than that in
G8 (p > 0.05); 3) Alignment in the random culture (G1) was significantly lower than that
in G2 to G6 and G8: Under G1, approximately 33% myofibrils aligned within ± 30° of the
axis of cardiomyocyte alignment; under G2 to G6 and G8, over 80% oriented within ± 30°
relative to the axis of cardiomyocyte alignment.
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Figure 7 Alignment of neonatal cardiac cells on grooved PDMS substrate.
Fluorescence staining on cardiomyocyte culture by Day 6 under (A) G1: random
culture, (B) G2: 1.72 MPa substrate attached on a coverglass without electrical
stimulation, (C) G3: 1.72 MPa suspended substrate with electrical stimulation, (D) G4:
130 kPa suspended substrate without electric stimulation, (E) G5: 130 kPa substrate
attached on a coverglass with electrical stimulation, and (F) G6: 130 kPa suspended
substrate with electrical stimulation. Scale bars = 20 µm. Red: α-actinin. Blue: nucleus.
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Figure 8 The cardiomyocyte alignment assessment via the distribution of the
percentage of myofibril alignment. From left to right are (G1) random culture, (G2) 1.72
MPa substrate attached on a coverglass without electrical stimulation, (G3) 1.72 MPa
suspended substrate with electrical stimulation, (G4) 130 kPa suspended substrate
without electric stimulation, (G5)130 kPa substrate attached on a coverglass with
electrical stimulation, (G6) 130 kPa suspended substrate with electrical stimulation, and
(G8) adult rat heart tissue. n represents fields of view.
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3.3.2

Analysis of electrical stimulation

Electrical stimulation is used to induce the contraction of cardiomyocytes [29]. In our
experiments, the excitation threshold (ET) was defined as the minimal voltage (vol) at
which at least 85% of the cells were contracting synchronously. Some cultures
predominately contracted before electrical stimulation and thus required high-voltage
electrical stimulation to induce synchronized contraction. Even higher triggering voltages
were required for these cultures on Days 5 and 6 to achieve synchronized cell contraction;
these high voltages were observed to cause cell death (e.g., 30% mortality at 8-10 vol/cm).
Thus, the data reported here were from those cultures that did not have synchronous
contracting (< 50%) before applying electrical stimulation. On the first day of triggering
(Day 4), the ET is higher than it is subsequently. Table 3 shows the measured ET (n = 6
from 3 cell isolations on 130 kPa suspended PDMS substrate). Accordingly, the electrical
stimulation of 3.6 vol/cm (1.8 vol for biphase) was consistently used. When cells were
cultured on 130 kPa suspended PDMS substrate (G6), electrical stimulation caused the
entire membrane to contract with the cell construct. Electrical stimulation with 3.6 vol/cm
could also cause 75% of cardiomyocytes to contract synchronously on other test groups
(G2, G3, and G5).
Table 3.3
Excitation threshold for cardiomyocyte culture on different culture days (6 samples from
3 cell isolations on 130 kPa suspended PDMS substrate measured as Mean ± SD)
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ET (vol/cm)

3.3.3

D4

D5

D6

3.3 ± 0.4

2.9 ± 0.3

2.6 ± 0.3

Immunofluorescence staining

ICD orientation was examined after 6 days in cardiomyocyte culture. Because at Day 6
in vivo-like cardiomyocyte alignment and ICD orientation were achieved, while GJs had
not become mature, ICD alignment was visualized using N-cadherin staining, not Cx 43
staining. The myofibrils were labeled by α-actinin staining to show their relationship to the
ICDs. Visually, on 130kPa suspended substrate with electrical stimulation (G6, Figure 9A
and B), many ICDs were found to be perpendicular to the axis of cardiomyocyte alignment.
This number was much higher than that on the 1.72 MPa substrate attached to a coverglass
without electrical stimulation (G2, Figure 9C and D). The angle of the ICDs was measured
in cultures under G2 to G6. A Levene's test on ICD orientation on each sample showed that
equal variance could be assumed between samples under all conditions. Thus, the data
points for each test group were from different samples (for example, data might have come
from different culture chambers and different cell dissections) in the same statistical group
(e.g., n = 283, Figure 9E). The angular data processed with Rozeta software (Jacek Pazera)
are presented as a rose diagram (Figure 9E-J), and the percentage of step-like ICDs were
summed in a box plot (Figure 9K).

57

Chapter 3

58

Chapter 3

Figure 9 Morphology of ICDs under different culture conditions. (A-D) Morphology
of ICDs visualized by immunofluorescence staining: (A, B) Cultured on 130 kPa
suspended substrate with electrical stimulation (G6): pale orange arrows show step-like
ICDs; (C, D) culture on 1.72 MPa substrate attached on a coverglass without electrical
stimulation (G2): pale orange arrow shows sigmoid ICDs. Red: α-actinin. Green: Ncadherin. Blue: nucleus. Scale bar = 20µm. (E-J) ICD orientation: (E) under 1.72 MPa
substrate attached on a coverglass without electrical stimulation, G2; (F) 1.72 MPa
suspended substrate with electrical stimulation, G3; (G) 130 kPa suspended substrate
without electric stimulation, G4; (H) 130 kPa substrate attached on a coverglass with
electrical stimulation, G5; (I) 130 kPa suspended substrate with electrical stimulation,
G6; and (J) heart tissue from adult rat, G8. n represents the number of ICDs. (K) Box
plot showing the percentage of step-like ICDs. n represents the number of cell cultures.
*The differences between the result under G6 and each of those under G2 to G5 are all
significant.
The percentage of step-like ICDs in rat heart ventricle tissue (G8) was about 90%. The
percentage of step-like ICDs for G6 (72.7%) was similar to G8 but significantly higher
than G2 (24.8%). The percentage of step-like ICDs for G5, G3, and G4 are 63.5%, 55.4%,
and 43.3%, respectively, indicating that removal of any of the three culture conditions (i.e.,
electrical stimulation, low Young's modulus, or substrate suspension) would cause a
reduction in the percentage of step-like ICDs.
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3.3.4

Three-dimensional

reconstruction

of

ICDs

between

rod-shaped

cardiomyocytes
The results showed that, except for under G6, the cross-sectional shape of cardiomyocytes
under all test conditions was a flat oval with a ratio of cell width to height of approximately
4:1. A cell height is approximately 3 µm. However, cardiomyocytes under G6 expressed
an in vivo-like rod shape with a monolayer cell height of typically 6-12 µm. The 3D
morphology of an ICD was reconstructed from the confocal-scanned image stack obtained
from cell cultures under G6. Figure 10 A and B demonstrate a typical reconstruction of
ICDs from ICD images obtained in culture on 130kPa suspended substrate with electrical
stimulation (G6). The reconstructed ICD image includes two connected ICDs formed
between two side-to-side connected cells connected end-to-end to another cell. The
dimension of the ICD is approximately 7 μm in diameter, a typical dimension for neonatal
rats (6 μm at birth; gradually increasing to 15 μm by 60 days) [72], and approximately 1
μm thick, a typical dimension for heart tissue [39]. This shape of ICD is similar to the 3D
morphology obtained in rat heart tissue, the shape of which is a round disc between adjacent
cells.
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Figure 10 A 3D reconstruction of two connected ICDs in culture on 130kPa suspended
substrate with electrical stimulation. (A) Immunofluorescence image recorded by
confocal microscopy. (B) 3D view of the reconstructed ICD. Unit: μm
3.3.5

Electron Transmission Microscopy

Since only cultures under G6 expressed in vivo-like morphology, our TEM study was
conducted on cultures under G6 only. TEM images obtained from rat cardiomyocyte
cultures on 130 kPa suspended substrate with electrical stimulation (G6) fixed at culture
Day 6 demonstrate a remarkable level of ultrastructural differentiation and step-like ICDs,
comparable to those from adult tissue. Cells were aligned and elongated with highly
organized myofibrils. Numerous mitochondria were positioned between myofibrils (Figure
11A). Well-aligned sarcomeres were observed with visible Z lines and H, I and A bands;
an M line is faintly visible (Figure 11C). These morphologic features are characteristic of
rat myocardium (Figure 11B and D). A transverse section of ICDs shows they are
perpendicular to the longitudinal axis of myofibrils with a pleated appearance (Figure 11E),
as typically seen in a rat heart (Figure 11F).
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Figure 11 Ultrastructural organization visualized by TEM imaging.

(A, C, E)

Representative TEM micrographs obtained from cell culture on 130kPa suspended
substrate with electrical stimulation (G6). (B, D, F) Representative TEM micrographs
obtained from an adult rat heart. (A, B) Overview of myofibrils. Orange arrows point
to mitochondria. (C, D) Ultrastructure of sarcomeres. (E, F) An ICD. Scale bar = 2µm.
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3.3.6

Sigmoid ICD formation process

To study the process of sigmoid ICD formation, we prepared multiple identical
cardiomyocyte cultures under G2 and G4 and observed the culture development daily. On
each culture day, one culture was stained for α-actinin and N-cadherin to examine cell

shapes with a phase and fluorescence microscope; typical results for G2 are shown in
Figure 12A-C. Before staining, the contractility of the culture was monitored
microscopically, and those cultures that demonstrated minimum synchronous contraction
(< 50%) were chosen for staining. On Day 1, most of the plated cells were attached to the
substrate and started elongation, but either did not touch one another or touched only a
small area (Figure 12A). On Day 2, most of the cells had already spread and contacted one
another (Figure 12B). On Day 3, the aligned cells started to form a cell construct and
become confluent (Figure 12C). N-cadherin began to accumulate at the cell-contact areas.
Although cardiomyocyte cultures under G4 had a cell construct-formation manner similar
to G2, G4 cells showed more localized synchronized contraction. On Day 4 and Day 5
under G2, the sarcomeric structure matured with more intense N-cadherin expression at
ICDs. The orientation of ICDs was typically oblique to the axis of cardiomyocyte
alignment (referred to hereafter as "sigmoid ICDs"). Our sequential observation allowed
us to speculate that the contact pattern may contribute to the formation of sigmoid ICDs:
When a cell's center is not on the longitudinal axis of the grooves, the two corresponding
curved portions on each cell touch and grow side by side to form a sigmoid contact profile
to minimize contact energy (Figure 12D) [73].
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Figure 12 The formation of sinusoidal ICDs on the first 3 days (A-C). Red: α-actinin;
Blue: nucleus; Grey: Phase microscope imaging. D: Cartoon demonstration of sigmoid
ICD formation. Scale bar = 20 µm.

3.3.7

Blebbistatin test

Blebbistatin inhibits contraction. With the application of blebbistatin to the culture
chamber with 130 kPa suspended substrate with electrical stimulation (G6), more sigmoid
ICDs were observed than without the addition of Blebbistatin, indicating that step-like ICD
formation was inhibited.
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3.3.8

Mechanical cyclic stretch

When cardiomyocytes with electrical stimulation synchronously contract, each
cardiomyocyte exerts stretching forces on adjacent cardiomyocytes. Cyclic stretch without
electrical stimulation (G7) was applied to cardiomyocytes cultured on the 130 kPa
suspended membranes to explore the mechanical effect of the stretching force. Stretch
levels at 5% and 10% were tested. The results showed that step-like ICDs did not form
during 5% and 10% cyclic stretch. For ICD orientation at both 5% and 10% cyclic stretch
started at 3 hrs and 24 hrs [28], results were the same: ICD inclination was much steeper
than without stretch (G4). It was even steeper than ICD inclination on 1.72 MPa substrate
attached to a coverglass without electrical stimulation (G2) (Figure 13).
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Figure 13 Morphology of ICDs on cultures at 5% stretch on 130kPa suspended
substrate without electrical stimulation. Yellow arrows point to sigmoid ICDs. Scale
bar = 20 µm. Red: α-actinin; Green: N-cadherin; Blue: nucleus. Scale bar = 20 µm.

3.4 Discussion
In this study, approximately 70% had a step-like ICD profile and expression of an in vivolike rod cell shape in cardiomyocyte cultures on microgrooved, 130kPa, suspended PDMS
substrate with electrical stimulation (G6). It suggests that step-like ICD formation was
dependent on intercellular mechanical coupling induced by electrical stimulation.
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3.4.1

Selection of cardiomyocyte alignment methods, starting time of electrical
stimulation, and substrate compliance

In this study, step-like ICDs were produced in the presence of a combination of
biophysical cues. First, aligned cardiomyocyte elongation and end-to-end cardiomyocyte
connection must be achieved. According to the literature, the most effective method for
achieving cardiomyocyte alignment is topographic patterning, which is classified into four
types: 1) microabrasion [30]; 2) microcontact printing [30-33]; 3) microgroove guidance
[34, 35, 66]; and 4) biomimetic microwrinkle guidance [37]. Microgrooves are
advantageous because they are easy to use, consist and maintain their integrity throughout
the life of the cell culture. More importantly, only in the microgroove method can the
compliance of the PDMS substrate be adjusted. Consequently, we chose this method for
cardiomyocyte alignment. In our study, microgrooves 1.5 µm deep, 10 µm wide, and 10
µm apart were selected to align cardiomyocytes. Briefly, we chose these parameters
because, for cardiomyocyte culture, it has been shown that a 10-µm wide groove (printer
resolution prevents microfabrication of a smaller size in a biomedical lab) can achieve in
vivo-like cardiomyocyte alignment. Our study (as Motlagh and coworkers concluded in a
similar one) demonstrated that 5-µm deep grooves would prevent transverse contacts of
cardiomyocytes [35]. Transverse contacts are necessary for synchronized contraction of
the culture. Our results indicated that 0.5-µm grooves were not deep enough to guide
cardiomyocyte alignment. Our cardiomyocyte alignment assessment on 1.5-µm deep
grooves was statistically comparable to that observed in cardiac tissue.
When exploring the effect of electrical stimulation on the formation of step-like ICDs,
we found that the start time of electrical stimulation is an important physical cue. Start time
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was tested between Day 1 and Day 5. Our experiments demonstrated that starting electrical
stimulation of cultures between 2.5 and 4 days would promote the formation of step-like
ICDs. When electrical stimulation was applied on Day 1, contractile-apparatus growth and
cell contact were inhibited. When stimulation was used on Day 5, cells showed low
contractility and a high rate of mortality. Similar phenomena were seen by Radisic and
coworkers in random cardiomyocyte cultures: Electric stimulation on Day 1 substantially
decreased the amount of Cx43 and α-myosin heavy chain, yielding poor contractile
behavior; while on Day 5, electrical stimulation failed to enhance the functional
organization of the contractile apparatus, probably because of reduced Cx43 expression
and contractile protein assembly in the cell [29]. The data presented here were consistently
triggered on the third day after cell seeding.
The compliance of a culture system is known to be a critical biophysical cue affecting
cell morphology and functions. The effective stiffness that quantifies the compliance could
be reduced to approach the in vivo value by decreasing Young’s modulus and increasing
the excess area of the substrate. Although Young’s modulus of a normal heart is 10 kPa
[70], 130 kPa is the minimal Young’s modulus of grooves with the specified sizes that our
lab can repeatedly produce. To further lower the effective stiffness, we considered
increasing the excess area. Notably, the substrate showed a steep curvature when the excess
area was large (e.g., created by 1 ml or 2 ml water added to the 130 kPa substrate). In such
cases, instead of forming confluent layers, cells piled at the bottom, unable to form in vivolike cell alignment and step-like ICDs. Thus, we chose to use a suspended substrate created
from 500 µl of water, which created a culture system with an effective stiffness of 24 ± 7

N/m.
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3.4.2

Formation of step-like ICDs in the presence of a combination of biophysical
cues

According to our results, step-like ICD formation was achieved using a combination of
three biophysical cues: electrical stimulation, low Young’s modulus, and substrate
suspension. Under random-culture conditions (G1), we measured 32.7% myofibril
alignment within a ± 30° range (one-third of the total 180° angular range) of the average
myofibril alignment and close to the theoretical value (33.3%) of an even distribution.
The percentage of myofibril alignment within ± 30° under G4 and G5 was not
significantly different from the percentage in the tissue samples (G8). The percentage under
G2, G3, and G6 were slightly higher than that in the tissue samples (G8): When p = 0.05,
they were significantly higher; but when p = 0.1, they were not significantly higher. The
alignment measured in the tissue samples was slightly lower than that obtained from some
of the cultures. This may be because 1) cardiomyocyte alignment in the tissue samples was
altered during fixing and slicing before immunofluorescence staining; 2) the solid
topographic guidance provided by the straight lines in cultures, which do not exist in vivo.
The percentage of myofibril alignment within ± 15° of the average myofibril alignment for
cell culture on 1.72 MPa substrate was slightly higher than that on 130 kPa substrate,
probably because the soft structure provided less topographic guidance for the cells [35].
The slight increase in the alignment of cardiomyocytes under 130 kPa with electrical
stimulation (G6) compared to those without stimulation (G4) might have been a result of
electrical stimulation [29, 74]. The topographic cues of grooves 10 µm wide and 10 µm
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apart with 1.5 µm depth under G2 to G6 were sufficient to guide cardiomyocytes to form
in vivo-like alignment.
In this study, the angle of the ICDs was used to quantitatively compare ICD morphology
between a cardiomyocyte culture and heart muscle tissue. A rose diagram was used to
present the distribution of the angle of ICDs obtained from multiple measurements. Many
ICDs in the heart tissue expressed step-like morphology: The treads ran perpendicularly to
the axis of cell alignment. Consequently, in a rose-diagram presentation, the measured
distribution of the ICD angle was centered at 900 with a narrow range (Figure 9J). The
closer to 900 an ICD angle from a cardiomyocyte culture measured, the more step-like the
ICD was considered. In a cardiomyocyte culture, due to the random distribution of ICD
orientations with respect to 900, rose diagrams were approximately symmetric with respect
to 900. The narrower the profile of a rose diagram, the higher the percentage of step-like
ICDs in the culture. In the rose diagrams (Figure 9), the profile was presented from wider
to narrower in this order: G2, G4, G3, G5, and G6. Accordingly, a box plot of the
percentage of step-like ICDs was produced; it showed that the three culture conditions
(electrical stimulation, low Young’s modulus, and substrate suspension) affected the
formation of step-like ICDs. The percentage of step-like ICDs on 130 kPa suspended
substrate with electrical stimulation (G6) was 68% higher than that of 130kPa suspended
substrate without electric stimulation (G4). The percentage under G6 was 31% higher than
that of 1.72 MPa suspended substrate with electrical stimulation (G3) and 15% higher than
that of 130kPa substrate attached on a coverglass with electrical stimulation (G5).
These results showed that electrical stimulation was the most vital biophysical cue for
achieving step-like ICDs: The significant difference between G6 and G4 was that the
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former was electrically stimulated, and the latter was not. Cardiomyocytes under electrical
stimulation were driven to contract synchronously; most adjacent cardiomyocytes
remained static or contracted asynchronously without stimulation. When the
cardiomyocyte cultures were stimulated, each cell received both electrical and mechanical
cues. To study the effects of electrical cues on the formation of step-like ICDs, we
conducted the blebbistatin experiments, which showed that after intercellular mechanical
coupling was blocked via inhibiting myosin-based motility, step-like ICD formation was
inhibited. This phenomenon suggests that the mechanical effect associated with electrical
stimulation may contribute to step-like ICD formation.
We explored through testing whether external cyclic stretch force could be used to cause
step-like ICD formation. Matsuda et al. showed that cardiomyocytes responded to stretch
within 24 hrs after cell seeding [28]. Consequently, we started the cyclic stretch at 3 hrs
and 24 hrs. Our results showed that the inclination of the ICDs was much steeper,
regardless of starting time, than those without stretch (G4), even steeper than those on 1.72
MPa substrate attached on a coverglass without electrical stimulation (G2). This suggests
that the external force generated by cyclic stretch cannot cause step-like ICD formation.
It has been demonstrated that the establishment and growth of adherens junctions in ICDs
are mediated by the tugging force exerted by the myofibrillar cytoskeleton [28, 63, 75].
When adjacent cardiomyocytes contracted synchronously, the myofibrils on both sides of
the ICD provided stretching force through FA on ICDs [41]. Thus, we hypothesized that
step-like ICD formation resulted from intercellular mechanical coupling caused by
electrical stimulation. That is, the tugging force on ICDs generated by cardiomyocyte
contraction on FA caused the formation of step-like ICDs.
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Our experimental observation of sigmoid ICD formation demonstrated that the
probability of forming sigmoid ICDs was high in the grooved substrate. As shown in Figure
14, when an inclined ICD is formed, the tugging forces exerted on the two sides of the ICD
during synchronized contraction differ: The tugging force on the side with more
sarcomeres was larger than the tugging force on the side with fewer sarcomeres, (Figure
14). This difference causes the ICDs to be stretched to an orientation perpendicular to the
cell’s alignment direction. Under cyclic stretch without cardiomyocyte contraction, the
forces were mainly from cardiomyocyte membranes that touched the substrate and exerted
force equally on both sides of the ICDs. These forces did not cause step-like ICDs; in fact,
their stretch inclined ICDs even more steeply (Figure 14A).
For 130 kPa suspended substrate with electrical stimulation (G6), the ICD morphology
was in vivo-like (the percentage of step-like ICDs was closer to that of adult rat heart tissue
than that of other test groups), and the ultrastructure of the ICDs was also similar to that in
adult rat heart tissue. For example, the TEM result from the test group under G6 showed
that the pleated appearance presented in transverse sections of ICDs (perpendicular to the
longitudinal axis of the cardiomyocyte) was similar to that seen in adult rats heart tissues
[39]. The major in vivo-like feature of the culture model under G6 was the 3D cell
morphology: The cardiomyocyte expressed a rod-like shape, unlike cardiomyocytes in
other test groups, in which the cross-sectional shape of a cardiomyocyte was a flat oval
with a cell height of around 3 µm. Three-dimensional reconstruction of ICDs from a
confocal image stack acquired from a culture model under G6 showed that the dimensions
of the ICD were approximately 6-12 μm in diameter (Figure 10B), similar to the typical
dimension obtained from neonatal rats [72].
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It has been demonstrated extensively that actomyosin-based tugging forces play an
important role in forming ICDs [76-81]. In the development of cardiomyocytes, the
myofibril contraction provides the tugging forces that promote and stabilize the formation
of ICDs [63, 82, 83]; ICDs have been visualized as the terminal Z-discs of myofibrils and
were seen to function as the terminal of the sarcomere [63]. To use a topographic technique
(e.g., microgrooved substrate) to achieve cell alignment, Young’s modulus of the substrate
could not be tuned as low as that approaching the in vivo level. Consequently, a cell’s apical
surface would contract much more strongly during cardiomyocyte contraction than the
basal surface. As our long experience with cardiomyocyte culture confirms, without
concomitant contraction of equal strength of the apical and basal cell surfaces, the effects
of the tugging forces were not sufficient to balance the outward pressure generated on the
cell membrane and the cell-substrate adhesive force. The former caused a spherical contour
of the cell membrane, and the latter caused the cell to spread on the substrate, forming a
sheet. As a result, the typical appearance of the cell-cell contact interface would be as
shown in Figure 14C. Our experiment-based conceptualization is consistent with the
mechanical analysis-based conclusion reported in the literature—that the height of a cell
can be increased by a concomitant contraction of the apical and basal cell surfaces [84].
Micropegs have been added to the substrate in a 2D cell culture to achieve rod-shaped
cardiomyocyte morphology with disk-like ICDs in culture [35, 85]. The vertical surfaces
of the micropegs provided a lateral contact site for the development of cardiomyocyte micropeg adhesion enabled by the generation of contractile force, as shown in Figure 7 of
Thakar and coworkers’ publication [86]. This lateral adhesion facilitates the formation of
rod-shaped cardiomyocyte morphology (Figure 14D). In our research, we used a suspended
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elastic substrate and filled the cell culture chamber with the minimum amount of medium—
just enough for cell culture—so that the substrate was slack with scattered folds, not taut.
Consequently, the effective stiffness of the substrate was lower than that of a taut substrate
with the same Young’s modulus, as in a heart muscle, in which crimps in the collagen
fibrils decrease the effective stiffness of the tissue. In this culture condition, the
synchronous cardiomyocyte contraction was able to cause, as we observed, the substrate
to contract with the cell culture. Thus, a simultaneous contraction of equal strength of the
apical and basal cell surfaces occurred. We postulate that this simultaneous contraction is
the major reason cardiomyocytes cultured on our suspension substrate with low Young’s
modulus and under electrical stimulation to express a rod shape with disk-like ICDs.
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Figure 14 Illustration of modeling. Modeling mechanical stretch (A) and electrical
stimulation (B). ICDs formed in random cell culture (C) and 130kPa suspended
substrate with electrical stimulation (D).

3.5 Conclusion
To conclude: In vitro cultures to be used in various analytical investigations of
cardiomyocyte growth and function should closely express in vivo morphology. Our
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present studies demonstrated that neonatal rat cardiomyocytes cultured under electrical
stimulation and on suspended elastic substrates with low Young’s modulus and
microfabricated grooves could express an end-to-end connected rod shape with in vivo-like
ICDs. For the first time, step-like ICDs could be controllably achieved in in vitro culture.
It is important for studying the mechanical interaction between adjacent cells.
Acknowledgment: Chapter 3 has been accepted by Tissue Engineering Part A as a paper
[87].
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4. Hypertrophic Response In Tissue-Like
Cardiomyocyte Culture Models Under
Transverse And Longitudinal Uniaxial
Stretch
4.1 Introduction
Cardiac hypertrophy is the heart's response to a series of intrinsic and extrinsic stimuli.
Initially, cardiomyocytes demonstrate a compensatory response to the stress, increasing in
size via the addition of organized sarcomeres with enhanced protein synthesis. Although
these newly created organized sarcomeres can counteract losses in cardiac output [88],
long-term mechanical stress could turn this response into a maladaptive process
characterized by sarcomere disarray, fibrosis, myocyte elongation, and ventricular dilation
[89], heart failure, or sudden death [7]. In addition to tissue and cellular mechanisms,
cardiac hypertrophy involves changes in gene expression and pathway regulation [90]: In
the transition from adaptive to maladaptive cardiac growth, gene expression of myocytes
reverts to an immature state, including down-regulation of the α-myosin heavy chain/βmyosin heavy chain (α-MHC/β-MHC) ratio, reminiscent of the motor protein expression
and regulation pathway in the embryonic heart [89, 91, 92].
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Theoretical analysis and experimental data have proved that strain and stress can induce
cardiac growth after overload [17, 93]. External mechanical loading of myocytes can
increase protein synthesis rates [48], promote myofibrillogenesis [94], accelerate Cx 43
expression and GJ formation immediately after application of stretch [95], and induce
apoptosis with the application of high strength stretch. Chronic elevation of strain and
stress exerted on cardiomyocytes is essential in transitioning from adaptive to maladaptive
response [96]. The stress could prompt signaling reactivity, a cascade that transforms the
myocardium’s structural and physical properties, unbalancing tissue forces [97].
No current treatment can prevent or reconvert the maladaptive process, which develops
into pathological hypertrophy and heart failure. Although several crucial cellular
mechanisms, gene expression, and regulatory pathways involved in hypertrophy have been
identified, further research is needed to understand better and explore new treatment
options. In vitro models serve as a vital tool for further discovery and analysis. In vitro,
hypertrophy has been modeled by exposing primary cardiac myocytes to chemical [94] or
exogenous mechanical stimuli [46-52, 89, 95, 98-102], increasing cell size, activating
pathological gene expression, and remodeling ion channel currents. Different kind of
stretch has been used as stimuli. Cyclic stretch has been used to recapitulate the
pathological remodeling process [89, 95]. Zhao et al. attempted to use cyclic stretch to
simulate the complex biaxial strain suffered by the myocardium [98]. Although cyclic
stretch has been shown to induce a pathological hypertrophic response, our previous study
showed that cyclic stretch could not recapitulate the electromechanical coupling of cardiac
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tissue [87]. Thus, the static stretch has been used as mechanical stimuli in our hypertrophy
models.
Neonatal ventricular myocytes cultured on deformable PDMS have been used as an in
vitro model for static stretch-induced cardiac hypertrophy. Hypertrophic responses have
been confirmed on transcriptional, translational, and posttranslational levels in previous
static stretch hypertrophic models [12-18], which testifies to static stretch serving as a good
hypertrophy stimulus for studying the hypertrophic process. Although hypertrophic
responses have been demonstrated in these models, those responses may not reflect the
actual responses of cardiomyocytes in vivo since not all the cultures on which mechanical
stimulation is applied have tissue-like structures, including aligned myofibrils and steplike ICDs.
In fact, cell culture systems often fail to predict the efficacy or toxicity of therapeutic
candidates, potentially because they do not replicate the complex structure-function
relationships of native cardiac tissue [103], such as step-like ICD and electromechanical
coupling.
Our culture model provides in vivo-like electromechanical coupling among cell
constructs for retaining electrically activated mechanical contraction in myocardial
function. As far as we know, we are the first group to build an in vitro mechanical
hypertrophy model based on a tissue-like culture with bioelectrical mechanical contraction.
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4.2 Materials and Methods
4.2.1

Cell isolation and culture

For more manageable mechanical stress control, the in vivo-like culture model without
excess area from Chapter 3 was selected [87]. Cardiomyocytes were cultured using a
customized chamber (1.5×106 cells per chamber), and cells were allowed to attach to the
substrate for one day. The medium was replaced one day after cell seeding, and unattached
cells were rinsed off. We avoided streptomycin in our cell cultures since streptomycin may
inhibit stretch-activated ion channels.
4.2.2

Design of the transversal and longitudinal uniaxial cell stretcher

We modified the longitudinal and transverse uniaxial cell stretcher (Figure 15) based on
our previous study [60]. We used uniaxial cell stretchers with mainframes that have sliding
rails and drive shafts connected to two pairs of arms to hold the rods of the PDMS frame
to stretch the PDMS substrate. In this study, 4% longitudinal stretch and 4% transverse
stretch were used. Electrical stimulation was achieved using two pure carbon bars (Ladd
Research Industries) mounted on the stretcher; the bars were machined to be submerged in
the cell culture to serve as electrodes. The carbon bars were cabled to the stimulator, and
cells were stimulated with a biphasic pulse train (1 Hz) at 3.6 peak-peak V/cm. Electrical
stimulation was applied to cardiomyocytes from Day 2.5 to Day 7 to induce the formation
of in vivo-like ICDs. Uniaxial stretch was applied to cardiomyocyte culture from Day 5 to
Day 7 to stimulate a hypertrophic response.
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Figure 15 Assembly of longitudinal uniaxial cell stretcher. Black: Carbon bars.
Orange: Drive shaft.
4.2.3

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde (pH 7.4) (Sigma-Aldrich) for 10 min, rinsed
thoroughly with phosphate-buffered saline (Sigma-Aldrich), penetrated with 0.25% Triton
X-100 (Sigma-Aldrich) for 15 min, and blocked with 10% (v/v) normal donkey serum
(Sigma-Aldrich) at 4 °C overnight. The myofibrils were labeled by α-actinin staining

(mouse anti-α-actinin, Sigma-Aldrich, 1:500). FAs were labeled with N-cadherin staining

(rabbit anti-pan-cadherin, Abcam, 1:200). GJ was labeled with Cx 43 staining (mouse antiCx 43, Abcam, 1:200). Secondary antibodies followed primary antibodies: Alexa Fluor
488-conjugated donkey anti-rabbit IgG (H+L) (Jackson ImmunoResearch, 1:500), Alexa
Fluor 594-conjugated donkey anti-mouse IgG (H+L) (Jackson ImmunoResearch, 1:200).
Immunocytochemistry observation was conducted with Carl Zeiss Axiovert 200m. 10
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fields of view were arbitrarily selected from each culture chamber to record fluorescence
images for measuring cellular size. The cellular size was manually measured from imaging.
Only the cells in the center area get analysis. All cells were ensured to relax before staining.
End-to-end cells’ boundaries were labeled with N-cadherin. Side-to-side cells’ boundaries
were labeled with Cx 43. The cell length was measured based on an average of three
measurements at three different positions along the cellular alignment. For statistical
analysis, in one field of view, the average length from all cells was recorded.
4.2.4

Western blot

Cardiomyocytes from Day 4 and Day 7 were collected. Cardiomyocytes from each
culture chamber were lysed with 300ml RIPA lysis provided with the protease inhibitor
cocktail (ThermoFisher). The lysates were collected by scraping and were centrifuged at
14000 rcf for 20 min. The supernatant was collected and used as samples. BCA protein
assay kits (Pierce) were used to measure the protein concentration in the cell lysate. Equal
amounts of protein mixed with Laemmli buffer (Bio-rad) were loaded onto 4-20% TGX
precast gels (Bio-rad) to separate the proteins. The proteins were transferred from gels to
the PVDF membranes (Bio-rad). The PVDF membranes were blocked with 3% bovine
serum albumin (BSA, ThermoFisher) blocking buffer at 4 °C overnight and incubated with
primary antibodies: mouse anti-myosin heavy chain cardiac myosin (Abcam), mouse antiGAPDH (Abcam), mouse anti-α-actin (Sigma-Aldrich), rabbit anti-Cx43 (Abcam), rabbit
anti-N-cadherin (Abcam). Then, secondary antibodies, rabbit anti-mouse IgG H&L HRP
(Abcam), and donkey anti-rabbit IgG H&L HRP (Abcam) were applied to the PVDF
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membrane. Either a colorimetric or chemiluminescence reaction was performed with
commercial products (Santa Cruz). Results were obtained with a FluorChem detection
system. The brightness of each band was measured in ImageJ. The brightness of myosin
heavy chain bands, α-actin bands, Cx 43 bands, and N-cadherin bands was normalized with
GAPDH bands; GAPDH was used as housekeeping. The normalized myosin heavy chain
and α-actin bands were analyzed to determine whether contractile proteins were altered by
mechanical stretch. BLUeye Prestained Protein Ladder (Sigma-Aldrich) was used as a
protein ladder for referring molecular weight.
4.2.5

Real-time PCR

Cardiomyocytes were resuspended on Day 5, Day 6, and Day 7 with trypsin. Then,
following two washes with PBS (Gibco), cardiomyocytes were collected as pellets. RNA
from cardiomyocytes was purified with RNeasy Mini Kit (Qiagen). The RNA
concentration was measured using NanoDrop 2000 before reverse transcription into cDNA
using QuantiNova Reverse Transcription Kit (Qiagen). Rotor-Gene SYBR Green PCR Kit
(Qiagen) combined with real-time PCR-cycler Rotor-Gene Q (Qiagen) were used to detect
the relative cDNA concentration of the target gene, including rat glyceraldehyde phosphate
dehydrogenase (GAPDH), rat myosin heavy chain 6 (Myh6), rat myosin heavy chain 7
(Myh7, cardiac muscle, beta), rat actinin alpha 2 (Actn2), natriuretic peptide type B (Nppb),
rat natriuretic peptide receptor 2 (Npr2), rat c-fos induced growth factor (Figf), rat
cylindromatosis (Cyld), and rat cyclin-dependent kinase 8 (Cdk8). The second derivative
of the raw qPCR data was used to estimate the take-off point by finding the first point to
be 80% below the peak level. The comparative quantitative content was obtained from
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rotor gene Q programs using the estimated take-off point. The GAPDH normalized the
results.
4.2.6

Summary of different test groups

Nine test groups are summarized in Table 4.1.
Table 4.1
Experimental Conditions for Each Test Group
Experimental

Electrical Stimulation

Uniaxial Stretching, Day 5 to Day 7

G1

×

×

G2

Day 2.5 to Day 4

×

G3

Day 2.5 to Day 7

×

G4

×

Longitudinal

G5

×

Transverse

G6

Day 2.5 to Day 4

Longitudinal

G7

Day 2.5 to Day 4

Transverse

G8

Day 2.5 to Day 7

Longitudinal

G9

Day 2.5 to Day 7

Transverse

Test Group

4.2.7

Statistics
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For the number larger than 5, the interquartile range (IQR) was determined based on a
five-number summary. Any numbers of 1.5 IQR less than the first quartile or 1.5 IQR larger
than the third quartile were identified as outliers and removed. The data were expressed as
the mean value ± standard deviation. Before data from different samples in the same test
group were merged, Levene's test was used to assure equal variance could be assumed. A
one-way ANOVA analysis was performed to compare differences among groups, followed
by Tukey’s post hoc test. A significant difference was defined as * p < 0.05.

4.3 Result
4.3.1

Immunofluorescence staining

Cardiomyocyte morphology was examined after seven days in culture. As early as 3 hours
after cell seeding, the plated cardiomyocytes attached to the PDMS substrate coated with
fibronectin. After 24 hrs, most of the cells had attached and started to spread along the
grooved substrate. On Day 2.5, before we applied electrical stimulation, the aligned cells
became confluent; they remained confluent on Day 7 in G1- G9, when the cultures were
fixed for microscopic analysis.
The α-actinin organization showed aligned myocytes with clear Z discs. Cultures with
Day 2.5 to Day 7 electrical stimulation to which different levels of static stretch were
applied were checked for myofibril organization. We found that 2%-4% transverse and
2%-6% longitudinal anisotropic stretch altered neither the cell alignment nor the pattern of
α-actinin staining, whereas 6% - 10% transverse and 8%-10% longitudinal stretch
exhibited large regions of intense continuous staining, loss of striations, and myofibril
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branching, as shown in Figure 16. Transverse stretches of 6%-10% caused cell detachment
in some cultures. Thus, all the subsequent studies used 4% longitudinal stretch and 4%
transverse stretch to maintain the same extent of stretch in all studies.

Figure 16 α-actinin fluorescence staining on cardiomyocyte culture under (A) G3
(electrical stimulation Day 2.5 to Day 7). (B) electrical stimulation Day 2.5 to Day 7
and 8% longitudinal uniaxial stretch Day 5 to Day 7. (C) electrical stimulation Day 2.5
to Day 7 and 8% transverse uniaxial stretch Day 5 to Day 7. Scale bars = 20 µm.
The fluorescence images showed that in G3, G4, G5, G8, G9, most myofibrils remained
aligned on Day 7. Compared with culture in G3, hypertrophic alternation of Z-discs and
ICDs were shown in G8 and G9 (Figure 17). Z discs alternation, such as Z disc broadening
(Figure 17B, C) and Z disc splitting (Figure 17E, F), was observed in G8 and G9. ICDs
alterations were shown in G8 and G9, including increased fold amplitude of ICDs (Figure
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17H, I) and close-packed ICDs that were separated by ten or fewer sarcomeres (Figure 17K,
L).

87

Chapter 4

G3

G8

G9
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B
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D
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L
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Figure 17 Morphology of Z discs and ICDs under different culture conditions
Fluorescence staining of cardiomyocyte culture by Day 7 under (A, D, G, I) G3:
culture with electrical stimulation Day 2.5 to Day 7; (B, E ,H ,K) G8: culture with
electrical stimulation Day 2.5 to Day 7 and longitudinal uniaxial stretch Day 5 to
Day 7; (C,F, I, L) G9: culture with electrical stimulation Day 2.5 to Day 7 and
transverse uniaxial stretch Day 5 to Day 7. Aberrations of Z discs: (B, C) Z disc
broadening, (E, F) Z disc splitting. (A, D) Normal Z discs in G3. Alteration of ICD:
(H, I) Increased fold amplitude of ICD, and (K, L) Close-packed ICDs. (G, J)
Normal ICDs in G3. A to F: Scale bars = 2 µm. G to L: Scale bars = 10 µm. Red:
α-actinin. Green: N-cadherin. Blue: Nucleus.

4.3.2

Measuring the cellular size

The cellular size was measured based on immunofluorescent staining. Most cells were
displayed with rod-like structures. The groove size decides the width of each cell (typically
is 10um). The cell length was measured based on an average of three measurements at three
different positions along the cellular alignment direction (Figure 18).
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Figure 18 Box plot showing the distribution of cellular length. n represents the number
of fields of view. Unit: µm.
4.3.3

Western blot

Western blot was conducted to evaluate the accumulation of contractile proteins (α-actin
and myosin heavy chain, Figure 19A) and cellular connecting proteins (N-cadherin and
Cx43, Figure 20 A). The density of α-actin bands, myosin heavy chain bands, Cx 43 bands,
and N-cadherin bands was normalized with housekeeping GAPDH bands. Then the
normalized α-actin, myosin heavy chain, Cx 43, and N-cadherin bands from G2-G9 were
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compared with those in G1 to acquire relative concentration (G1 was set to 1), as shown
in Figure 19B-C, and Figure 20B-C.
Previous studies have shown that myofibrillar protein (e.g., actin, myosin) can be
accumulated during hypertrophic response through a posttranslational mechanism. The
myofibrillar structure was sensitive to changes in contractile activity and mechanical cues.
The accumulation of α-actin and myosin heavy chain increased after electrical stimulation
only, as shown in G2 and G3 (Figure 19B-C). The relative expression of α-actin was 1.25
in G2 and 1.44 in G3 (vs. G1*). The relative expression of myosin heavy chain was 1.56
in G2 (vs. G1*) and 2.61 in G3 (vs. G1*). The accumulation of α-actin and myosin heavy
chain increased after longitudinal uniaxial stretch only and transverse uniaxial stretch only
as shown by G4 and G5. The relative expression of α-actin was 1.49 in G4 (vs. G1*) and
1.50 in G5 (vs. G1*). The relative expression of myosin heavy chain was 2.55 in G4 (vs.
G1*) and 3.55 in G5 (vs. G1*). However, the combination of electrical stimulation and
uniaxial stretch did not bring about a more significant effect. Instead, only a slight increase
in accumulation of α-actin and myosin heavy chain was observed in G6 to G9 compared
to G2 to G5. The expression of α-actin was 1.56 in G6, 1.72 in G7, 1.59 in G8, and 1.72 in
G9. Mechanical stimulation with or without electrical stimulation had no statistical effect
on α-actin expression, as shown in G6 vs. G8, G7 vs. G9. The relative expression of myosin
heavy chain was 2.61 in G6 (vs. G2*), 3.95 in G7 (vs. G2*), 3.96 in G8 (vs. G3*), and 4.86
in G9 (vs. G3*). Mechanical stimulation combined with electrical stimulation led to
statistically higher myosin heavy chain expression than without electrical stimulation, as
shown in G6 vs. G8* and G7 vs. G9*. Comparison between longitudinal and transverse
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stretch (e.g., G4 vs. G5, G6 vs. G7, G8 vs. G9) showed that the relative expressions of 𝛼𝛼actin and myosin (G6 vs. G7*, G8 vs. G9*) were higher in transverse than in longitudinal
stretch.
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Figure 19 The result of MHC, 𝛼𝛼-actin western blot for G1 to G9. (A) Western blot of
MHC, 𝛼𝛼-actin and GAPDH for G1 to G9. (B, C) The histogram shows the relative

concentration of 𝛼𝛼 -actin and MHC in each group. G1: culture without electrical

stimulation and uniaxial stretch; G2: culture with electrical stimulation Day 2.5-Day 4;
G3: culture with electrical stimulation Day 2.5-Day 7; G4: culture with longitudinal
uniaxial stretch Day 5-Day 7;G5: culture with transverse uniaxial stretch Day 5-Day 7;
G6: culture with electrical stimulation Day 2.5-Day 4 and longitudinal uniaxial stretch
Day 5-Day 7; G7: culture with electrical stimulation Day 2.5-Day 4 and transverse
uniaxial stretch Day 5-Day 7, G8: culture with electrical stimulation Day 2.5-Day 7 and
longitudinal uniaxial stretch Day 5-Day 7; G9: culture with electrical stimulation Day
2.5-Day 7 and transverse uniaxial stretch Day 5-Day 7. n represents the number of cell
cultures.
Cx 43 and N-cadherin accumulation increased after electrical stimulation only, as shown
in G2 and G3 (Figure 20B, C). The relative expression of Cx 43 was 1.27 in G2 and 2.32
in G3 (vs. G1*). The relative expression of N-cadherin was 1.33 in G2 and 1.42 in G3 (vs.
G1*). The expression of Cx 43 and N-cadherin in cell culture had the highest peak in G3.
Cx 43 increased after longitudinal and transverse uniaxial stretch only, as shown in G4 and
G5. The relative expression of Cx 43 was 1.50 in G4 (vs. G1*) and 1.75 in G5 (vs. G1*).
However, accumulation of N-cadherin decreased after longitudinal and transverse uniaxial
stretch only, as shown in G4 and G5. The relative expression of N-cadherin was 0.80 in
G4 and 0.92 in G5. Decreased accumulation of Cx 43 was observed in G6 to G9 than those
in G2 to G5. The relative expression of Cx 43 was 0.92 in G6, 1.24 in G7, 0.86 in G8 (vs.

94

Chapter 4

G3*), and 1.04 in G9 (vs. G3*). Mechanical stimulation with electrical stimulation
negatively affected Cx 43 expression than without electrical stimulation, as shown in G6
vs. G8 and G7 vs. G9*. Like Cx 43, equal or decreased N-cadherin accumulation was
observed in G6 to G9, compared with G2 to G5. The relative expression of N-cadherin was
0.83 in G6 (vs. G2*), 0.94 in G7 (vs. G2*), 0.59 in G8 (vs. G3*), and 0.84 in G9 (vs. G3*).
Mechanical stimulation with electrical stimulation had a slightly negative effect on Ncadherin expression than without electrical stimulation, as shown in G6 vs. G8*, G7 vs.
G9. A comparison between longitudinal and transverse stretch showed that the expressions
of Cx 43 (G6 vs. G7*) and N-cadherin (G8 vs. G9*) were higher in transverse stretch than
in longitudinal stretch.
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Figure 20 The result of N-cadherin, Cx43 western blot for G1 to G9. (A) Western blot
N-cadherin, Cx43 and GAPDH for G1 to G9. (B, C) Histogram showing relative
concentration of N-cadherin and Cx43 in each group. G1: culture without electrical
stimulation and uniaxial stretch; G2: culture with electrical stimulation Day 2.5-Day 4;
G3: culture with electrical stimulation Day 2.5-Day 7; G4: culture with longitudinal
uniaxial stretch Day 5-Day 7;G5: culture with transverse uniaxial stretch Day 5-Day 7;
G6: culture with electrical stimulation Day 2.5-Day 4 and longitudinal uniaxial stretch
Day 5-Day 7; G7: culture with electrical stimulation Day 2.5-Day 4 and transverse
uniaxial stretch Day 5-Day 7, G8: culture with electrical stimulation Day 2.5-Day 7
and longitudinal uniaxial stretch Day 5-Day 7; G9: culture with electrical stimulation
Day 2.5-Day 7 and transverse uniaxial stretch Day 5-Day 7. n represents the number
of cell cultures.

4.3.4

Real-time PCR

Real-time PCR was conducted to evaluate the RNA expression of hypertrophic-related
genes. The comparative quantitative content was obtained from rotor gene Q programs
using the estimated take-off point. The level of RNA expression of the gene of interest was
normalized with that of housekeeping GAPDH bands. Then the normalized gene of interest
in G2-G9 was compared with G1 to acquire the relative concentration (G1 was set to 1).
Myh6 was the gene that controls the expression of α-MHC; Myh7 was the gene that
controls the expression of the β-MHC. A hallmark of hypertrophy was down-regulation of
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α-MHC concurrent with up-regulation of β-MHC. The result of α-MHC/β-MHC
(Myh6/Myh7) for G1 to G9 on Day 5 to Day 7 is shown in Figure 21.
On Day 5, RNA expression of α-MHC/β-MHC increased after electrical stimulation only,
as shown in G2 and G3. The α-MHC/β-MHC ratio was 1.29 in G2 and 1.51 in G3 (vs.
G1*). On the other hand, the α-MHC/β-MHC ratio slightly decreased after longitudinal
uniaxial stretch only and transverse uniaxial stretch only, as shown in G4 and G5. The αMHC/β-MHC ratio was 0.92 in G4 and 0.79 in G5 (vs. G1*). The α-MHC/β-MHC ratio
was 1.35 in G6, 1.12 in G7, 1.40 in G8, and 1.32 in G9. A comparison between longitudinal
stretch and transverse stretch showed that the α-MHC/β-MHC ratio was lower in transverse
stretch than in longitudinal stretch.
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Figure 21 The result of real-time PCR of α-MHC/β-MHC for G1 to G9 on Day 5 to
Day 7. G1: culture without electrical stimulation and uniaxial stretch; G2: culture
with electrical stimulation Day 2.5-Day 4; G3: culture with electrical stimulation Day
2.5-Day 7; G4: culture with longitudinal uniaxial stretch Day 5-Day 7;G5: culture
with transverse uniaxial stretch Day 5-Day 7; G6: culture with electrical stimulation
Day 2.5-Day 4 and longitudinal uniaxial stretch Day 5-Day 7; G7: culture with
electrical stimulation Day 2.5-Day 4 and transverse uniaxial stretch Day 5-Day 7, G8:
culture with electrical stimulation Day 2.5-Day 7 and longitudinal uniaxial stretch
Day 5-Day 7; G9: culture with electrical stimulation Day 2.5-Day 7 and transverse
uniaxial stretch Day 5-Day 7. n represents the number of cell cultures.

On Day 6, the α-MHC/β-MHC remained the same level as Day 5. The α-MHC/β-MHC
ratio was 1.04 in G2 and 1.55 in G3 (vs. G1*). The α-MHC/β-MHC ratio between G4 to
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G9 slightly changed. The Myh6 level was 1.15 in G4 and 0.65 in G5 (vs. G1*). The Myh6
level was 1.28 in G6, 0.46 in G7 (vs. G2*), 1.39 in G8, and 0.82 in G9 (vs. G3*).
Comparison between longitudinal stretch and transverse stretch showed that the α-MHC/βMHC ratio was lower under transverse stretch than under longitudinal stretch (G4 vs. G5*,
G6 vs. G7, G8 vs. G9).
On Day 7, the α-MHC/β-MHC ratio changed in a way similar to Day 6. The α-MHC/βMHC ratio was 0.95 in G2 and 1.47 in G3. The α-MHC/β-MHC ratio was 1.05 in G4 and
0.70 in G5 (vs. G1*). The α-MHC/β-MHC ratio was 1.29 in G6, 0.65 in G7 (vs. G2*), 1.22
in G8, and 0.70 in G9 (vs. G3*).
Actn2 was the gene that controls the expression of α-actinin. The real-time PCR of Actn2
for G1 to G9 on Day 5 to Day 7 as shown in Figure 22.
On Day 5, RNA expression of Actn2 increased after electrical stimulation only, as shown
in G2 and G3. The Actn2 level was 1.45 in G2 (vs. G1*) and 1.55 in G3 (vs. G1*). RNA
expression of Actn2 increased after longitudinal uniaxial stretch only and transverse
uniaxial stretch only, as shown in G4 and G5. The Actn2 level was 1.64 in G4 (vs. G1*)
and 1.73 in G5 (vs. G1*). The combination of electrical stimulation and uniaxial stretch
had a negative effect, as shown in G6 to G9. The Actn2 level was 0.75 in G6 (vs. G2*),
1.64 in G7, 0.59 in G8 (vs. G3*), and 1.34 in G9. Comparison between longitudinal stretch
and transverse stretch showed that on Day 5, Actn2 was higher in transverse stretch than
longitudinal stretch (G4 vs. G5, G6 vs. G7*, G8 vs., G9*).
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On Day 6, Actn2 maintained the same level as Day 5 after electrical stimulation only, as
shown in G2 to G5. The Actn2 level was 0.99 in G2 and 1.52 in G3. The Actn2 level was
1.52 in G4 and 1.37 in G5. The combination of electrical stimulation and longitudinal
uniaxial stretch had a positive effect from Day 5. Conversely, electrical with transverse
uniaxial stretch decreased Actn2 expression from Day 5 in G6 to G9. The Actn2 level was
1.54 in G6, 0.93 in G7, 1.75 in G8, and 0.86 in G9. Comparison between longitudinal
stretch and transverse stretch showed that on Day 6, Actn2 was lower in transverse stretch
than in longitudinal stretch (G4 vs. G5*, G6 vs. G7*, G8 vs. G9*).
On Day 7, RNA expression of Actn2 maintained the same level as Day 6 after electrical
stimulation only, as shown in G2 and G3. There was a similar trend in Day7 as Day 6 for
G4 to G9. The Actn2 level was 1.21 in G2 and 0.98 in G3. The Actn2 level was 2.72 in G4
and 0.52 in G5. The Actn2 level was 3.54 in G6, 1.67 in G7, 3.07 in G8, and 0.41 in G9.
Comparison between longitudinal stretch and transverse stretch showed that on Day 7, the
Actn2 was lower in transverse stretch than in longitudinal stretch (G4 vs. G5*, G6 vs. G7*,
G8 vs. G9*).
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Figure 22 The result of real-time PCR of Actn for G1 to G9 on Day 5 to Day 7. G1:
culture without electrical stimulation and uniaxial stretch; G2: culture with electrical
stimulation Day 2.5-Day 4; G3: culture with electrical stimulation Day 2.5-Day 7;
G4: culture with longitudinal uniaxial stretch Day 5-Day 7;G5: culture with
transverse uniaxial stretch Day 5-Day 7; G6: culture with electrical stimulation Day
2.5-Day 4 and longitudinal uniaxial stretch Day 5-Day 7; G7: culture with electrical
stimulation Day 2.5-Day 4 and transverse uniaxial stretch Day 5-Day 7, G8: culture
with electrical stimulation Day 2.5-Day 7 and longitudinal uniaxial stretch Day 5Day 7; G9: culture with electrical stimulation Day 2.5-Day 7 and transverse uniaxial
stretch Day 5-Day 7. n represents the number of cell cultures.

Nppb, the gene that controls the expression of natriuretic peptide type B, encodes a
secreted protein that belongs to the family of natriuretic peptides. Its precursor protein is
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processed to generate the active mature peptide. The mature peptide was a cardiac hormone
that plays a role in ventricular remodeling during hypertrophy. The result of real-time PCR
of Nppb for G1 to G9 groups on Day 5 to Day 7 is shown in Figure 23.
On Day 5, RNA expression of Nppb increased after electrical stimulation only, as shown
in G2 and G3. The Nppb level was 2.45 in G2 (vs. G1*) and 1.62 in G3. RNA expression
of Nppb has increased after longitudinal uniaxial stretch only and transverse uniaxial
stretch only, as shown in G4 and G5. The Nppb level was 1.86 in G4 and 2.27 in G5 (vs.
G1*). The combination of electrical stimulation and uniaxial stretch did not differ from
uniaxial stretch only, as observed in G6 to G9. The Nppb level was 1.68 in G6, 1.84 in G7,
2.02 in G8, and 2.22 in G9. Comparison between longitudinal stretch and transverse stretch
showed that on Day 5, Nppb was higher under transverse stretch than under longitudinal
stretch.
On Day 6, RNA expression of Nppb remained the same level as Day 5 after electrical
stimulation only, as shown in G2 and G3. The Nppb level was 1.72 in G2 (vs. G1*) and
1.19 in G3. The Nppb level was 1.19 in G4 and 1.46 in G5. The Nppb level was 1.81 in
G6, 1.62 in G7, 1.85 in G8 (vs. G3*), and 1.78 in G9 (vs. G3*).
On Day 7, RNA expression of Nppb remained the same level as Day 6 after electrical
stimulation only, as shown in G2 to G9. The Nppb level was 1.13 in G2 and 1.15 in G3.
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Figure 23 The result of real-time PCR of Nppb for G1 to G9 on Day 5 to Day 7.
G1: culture without electrical stimulation and uniaxial stretch; G2: culture with
electrical stimulation Day 2.5-Day 4; G3: culture with electrical stimulation Day
2.5-Day 7; G4: culture with longitudinal uniaxial stretch Day 5-Day 7;G5: culture
with transverse uniaxial stretch Day 5-Day 7; G6: culture with electrical stimulation
Day 2.5-Day 4 and longitudinal uniaxial stretch Day 5-Day 7; G7: culture with
electrical stimulation Day 2.5-Day 4 and transverse uniaxial stretch Day 5-Day 7,
G8: culture with electrical stimulation Day 2.5-Day 7 and longitudinal uniaxial
stretch Day 5-Day 7; G9: culture with electrical stimulation Day 2.5-Day 7 and
transverse uniaxial stretch Day 5-Day 7. n represents the number of cell cultures.
The Nppb level was 2.03 in G4 (vs. G1*) and 1.33 in G5. The Nppb level was 2.20 in G6
(vs. G2*), 2.44 in G7 (vs. G2*), 1.90 in G8, and 1.84 in G9.
From Day 5 to Day 7, the RNA concentration of Nppb was relatively stable.
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Npr2 was the gene that controls the expression of natriuretic peptide receptor B. The
protein was the primary receptor for C-type natriuretic peptide (CNP), exhibiting
significantly increased guanylyl cyclase activity upon ligand binding. The real-time PCR
of Npr2 for G1 to G9 on Day 5 to Day 7 is shown in Figure 24.
On Day 5, Npr2 increased after electrical stimulation only, as shown in G2 and G3. The
Npr2 level was 1.26 in G2 and 2.39 in G3. Npr2 did not change after longitudinal uniaxial
stretch only, while it vastly increased after transverse uniaxial stretch only, as shown in G4
and G5. The Npr2 level was 0.67 in G4 and 90.8 in G5 (vs. G1*). The combination of
electrical stimulation and uniaxial stretch did not differ from uniaxial stretch only, as
observed in G6 to G9. The Npr2 level was 4.97 in G6, 95.9 in G7 (vs. G2*), 3.14 in G8,
and 76.0 in G9 (vs. G3*). Comparison between longitudinal stretch and transverse stretch
showed that on Day 5, Npr2 was vastly higher under transverse than under longitudinal
stretch (G4 vs. G5*, G6 vs. G7*, G8 vs. G9*).
On Day 6, Npr2 remained the same level as Day 5 after electrical stimulation only, as
shown in G2 to G3, G6, and G8. The Npr2 level was 1.51 in G2 and 1.54 in G3. It primarily
decreased from Day 5 after transverse uniaxial stretch only. The Npr2 level was 1.48 in G4
and 3.01 in G5. The Npr2 level was 1.87 in G6, 3.06 in G7, 1.43 in G8, and 3.26 in G9.
Comparison between longitudinal stretch and transverse stretch showed that on Day 6,
Npr2 was higher under transverse than under longitudinal stretch (G4 vs. G5*, G6 vs. G7*,
G8 vs. G9*).
On Day 7, Npr2 remained the same level as Day 6 after electrical stimulation only, as
shown in G2 to G5. The Npr2 level was 1.27 in G2 and 1.30 in G3. The Npr2 level was
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2.00 in G4 and 2.65 in G5. The Npr2 level was 1.99 in G6, 2.56 in G7, 1.77 in G8, and
2.54 in G9.
From Day 5 to Day 7, Npr2 after the transverse stretch remained higher than other groups.
However, the difference gradually reduced. Possibly, the receptors adjusted themselves at
a quick rate.
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Figure 24 The result of real-time PCR of Npr2 for G1 to G9 on Day 5 to Day 7. G1:
culture without electrical stimulation and uniaxial stretch; G2: culture with electrical
stimulation Day 2.5-Day 4; G3: culture with electrical stimulation Day 2.5-Day 7;
G4: culture with longitudinal uniaxial stretch Day 5-Day 7;G5: culture with
transverse uniaxial stretch Day 5-Day 7; G6: culture with electrical stimulation Day
2.5-Day 4 and longitudinal uniaxial stretch Day 5-Day 7; G7: culture with electrical
stimulation Day 2.5-Day 4 and transverse uniaxial stretch Day 5-Day 7, G8: culture
with electrical stimulation Day 2.5-Day 7 and longitudinal uniaxial stretch Day 5Day 7; G9: culture with electrical stimulation Day 2.5-Day 7 and transverse uniaxial
stretch Day 5-Day 7. n represents the number of cell cultures.

Figf was the gene controlling the expression of the C-fos-induced growth factor. The
protein encoded by this gene is a member of the platelet-derived growth factor/vascular
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endothelial growth factor (PDGF/VEGF) family. The result of real-time PCR of Figf for
G1 to G9 on Day 5 to Day 7 is shown in Figure 25.
On Day 5, Figf maintained the same level or slightly increased after electrical stimulation
only as shown in G2 and G3. The Figf level was 0.47 in G2 and 4.08 in G3 (vs. G1*). Figf
did not have significant changes after longitudinal uniaxial stretch only, while it increased
after transverse uniaxial stretch only as shown in G4 and G5. The Figf level was 1.23 in
G4 and 172 in G5 (vs. G1*). The combination of electrical stimulation and uniaxial stretch
brought about a trend similar to uniaxial stretch only, as observed in G6 to G9. The Figf
level was 8.87 in G6 (vs. G2*), 177 in G7 (vs. G2*), 5.36 in G8 (vs. G3*), and 155 in G9
(vs. G3*). Comparison between longitudinal stretch and transverse stretch showed that on
Day 5, Figf was vastly higher under transverse stretch than under longitudinal stretch (G4
vs. G5*, G6 vs. G7*, G8 vs. G9*).
On Day 6, Figf remained the same level as Day 5 after electrical stimulation only as
shown in G2 to G3. The Figf level was 0.70 in G2 and1.44 in G3. Figf decreased from Day
5 after a transverse uniaxial stretch, as shown in G4 and G5. The Figf level was 0.98 in G4
and 7.25 in G5. The Figf level was 1.30 in G6, 7.08 in G7, 0.88 in G8, and 7.16 in G9.
Comparison between longitudinal stretch and transverse stretch showed that on Day 6, Figf
was higher under transverse than under longitudinal stretch (G4 vs. G5*, G6 vs. G7*, G8
vs. G9*).
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Figure 25 The result of real-time PCR of Figf for G1 to G9 on Day 5 to Day 7. G1:
culture without electrical stimulation and uniaxial stretch; G2: culture with electrical
stimulation Day 2.5-Day 4; G3: culture with electrical stimulation Day 2.5-Day 7;
G4: culture with longitudinal uniaxial stretch Day 5-Day 7;G5: culture with
transverse uniaxial stretch Day 5-Day 7; G6: culture with electrical stimulation Day
2.5-Day 4 and longitudinal uniaxial stretch Day 5-Day 7; G7: culture with electrical
stimulation Day 2.5-Day 4 and transverse uniaxial stretch Day 5-Day 7, G8: culture
with electrical stimulation Day 2.5-Day 7 and longitudinal uniaxial stretch Day 5Day 7; G9: culture with electrical stimulation Day 2.5-Day 7 and transverse uniaxial
stretch Day 5-Day 7. n represents the number of cell cultures.

On Day 7, Figf retained the same level as Day 6 after electrical stimulation only, as shown
in G2 and G3. The Figf level was 1.32 in G2 and 0.78 in G3. There was a similar trend in
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Day 7 as Day 6 in G4 to G9. The Figf level was 1.74 in G4 and 2.68 in G5. The Figf level
was 1.57 in G6, 3.47 in G7, 1.80 in G8, and 6.53 in G9 (vs. G3*).
Similar to Npr2, from Day 5 to Day 7, Figf after transverse stretch remained higher than
other groups, but the difference gradually reduced.
Cdk8 was the gene controlling the expression of cyclin-dependent kinase 8. This gene
encodes a member of the cyclin-dependent protein kinase (CDK) family. CDK family
members are known to be essential regulators of cell cycle progression. This kinase and its
regulatory subunit, cyclin C, are components of the Mediator transcriptional regulatory
complex, involved in both transcriptional activation and repression by phosphorylation of
the carboxy-terminal domain of the largest subunit of RNA polymerase II. The result of
real-time PCR of Cdk8 for G1 to G9 on Day 5 to Day 7 is shown in Figure 26.
On Day 5, Cdk8 has maintained the same level or slightly increased after electrical
stimulation only, as shown in G2 and G3. The Cdk8 level was 2.07 in G2 and 3.81 in G3.
Cdk8 increased after longitudinal uniaxial stretch only and transverse uniaxial stretch only,
as shown in G4 and G5. The Cdk8 level was 7.01 in G4 (vs. G1*) and 65.1 in G5 (vs. G1*).
The combination of electrical stimulation and uniaxial stretch did not differ from uniaxial
stretch only, as observed in G6 to G9. The Cdk8 level was 5.68 in G6 (vs. G2*), 54.9 in
G7 (vs. G2*), 2.35 in G8 (vs. G3*), and 58.4 in G9 (vs. G3*). Comparison between
longitudinal stretch and transverse stretch showed that on Day 5 Cdk8 was broadly higher
under transverse than under longitudinal stretch (G4 vs. G5*, G6 vs. G7*, G8 vs. G9*).
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On Day 6, Cdk8 remained the same level as Day 5 after electrical stimulation only, as
shown in G2 and G3. The Cdk8 level was 1.48 in G2 and 1.25 in G3. Cdk8 decreased from
Day 5 after transverse uniaxial stretch. The Cdk8 level was 0.41 in G4 and 2.88 in G5 (vs.
G1*). The Cdk8 level was 0.88 in G6, 2.80 in G7 (vs. G2*), 1.96 in G8 (vs. G3*), and
2.83 in G9 (vs. G3*).
On Day 7, Cdk8 remained the same level as Day 6 after electrical stimulation only, as
shown in G2 and G3. The Cdk8 level was 1.17 in G2 and 2.12 in G3. There was a similar
trend in Day 7 as Day 6 in G4 to G9. The Cdk8 level was 0.21 in G4 and 1.89 in G5. The
Cdk8 level was 0.30 in G6, 1.59 in G7, 0.25 in G8, and 1.70 in G9.
From Day 5 to Day 7, the RNA concentration of Cdk8 after stretch reached the highest
level and then decreased gradually.
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Figure 26 The result of real-time PCR of Cdk8 for G1 to G9 on Day 5 to Day 7. G1:
culture without electrical stimulation and uniaxial stretch; G2: culture with electrical
stimulation Day 2.5-Day 4; G3: culture with electrical stimulation Day 2.5-Day 7;
G4: culture with longitudinal uniaxial stretch Day 5-Day 7;G5: culture with
transverse uniaxial stretch Day 5-Day 7; G6: culture with electrical stimulation Day
2.5-Day 4 and longitudinal uniaxial stretch Day 5-Day 7; G7: culture with electrical
stimulation Day 2.5-Day 4 and transverse uniaxial stretch Day 5-Day 7, G8: culture
with electrical stimulation Day 2.5-Day 7 and longitudinal uniaxial stretch Day 5Day 7; G9: culture with electrical stimulation Day 2.5-Day 7 and transverse uniaxial
stretch Day 5-Day 7. n represents the number of cell cultures.

Cyld was the gene controlling the expression of lysine 63 deubiquitinase. This gene
encodes a cytoplasmic protein with three cytoskeletal-associated protein-glycine-
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conserved domains that function as a deubiquitinating enzyme. The result of real-time PCR
of Cyld for G1 to G9 on Day 5 to Day 7 is shown in Figure 27.
On Day 5, Cyld has maintained the same level or slightly increased after electrical
stimulation only, as shown in G2 and G3. The Cyld level was 1.34 in G2 and 1.19 in G3.
Cyld increased after longitudinal uniaxial stretch only and transverse uniaxial stretch only
as shown in G4 and G5. The Cyld level was 8.24 in G4 (vs. G1*) and 13.3 in G5 (vs. G1*).
The combination of electrical stimulation and uniaxial stretch did not differ from uniaxial
stretch only. The Cyld level was 3.99 in G6 (vs. G2*), 6.29 in G7 (vs. G2*), 3.31 in G8
(vs. G3*), and 7.74 in G9 (vs. G3*). Comparison between longitudinal stretch and
transverse stretch showed that on Day 5, Cyld was broadly higher under transverse stretch
than under longitudinal stretch (G4 vs. G5*, G6 vs. G7*, G8 vs. G9*).
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Figure 27 The result of real-time PCR of Cyld for G1 to G9 on Day 5 to Day 7. G1:
culture without electrical stimulation and uniaxial stretch; G2: culture with
electrical stimulation Day 2.5-Day 4; G3: culture with electrical stimulation Day
2.5-Day 7; G4: culture with longitudinal uniaxial stretch Day 5-Day 7;G5: culture
with transverse uniaxial stretch Day 5-Day 7; G6: culture with electrical stimulation
Day 2.5-Day 4 and longitudinal uniaxial stretch Day 5-Day 7; G7: culture with
electrical stimulation Day 2.5-Day 4 and transverse uniaxial stretch Day 5-Day 7,
G8: culture with electrical stimulation Day 2.5-Day 7 and longitudinal uniaxial
stretch Day 5-Day 7; G9: culture with electrical stimulation Day 2.5-Day 7 and
transverse uniaxial stretch Day 5-Day 7. n represents the number of cell cultures.

On Day 6, Cyld remained the same as Day 5 after electrical stimulation only as shown in
G2 and G3. The Cyld level was 1.13 in G2 and 1.11 in G3. Cyld decreased from Day 5
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after uniaxial stretch. The Cyld level was 0.37 in G4 and 2.77 in G5 (vs. G1*). The Cyld
level was 0.47 in G6, 2.61 in G7 (vs. G2*), 0.51 in G8, and 2.74 in G9 (vs. G3*).
On Day 7, the Cyld level was 1.51 in G2 and 1.57 in G3. Cyld remained the same level
after longitudinal stretch but increased after transverse stretch. Cyld level was 0.52 in G4
and 0.46 in G5. Cyld level was 0.62 in G6, 6.16 in G7, 0.47 in G8, and 5.89 in G9. Cyld
increased on the first day, then decreased on the second day. But it returned to a high level
on the third day.

4.4 Discussion
Adult myocyte culture lost its responsiveness to hypertrophic cues [104]. Compared with
adult myocytes, neonatal myocyte cultures performed better in in vitro models to
investigate myocyte hypertrophic responses. In our well-established neonatal myocyte
culture (see details in Chapter 3), aligned cardiomyocytes with step-like ICDs formed a
tissue-like construct. For the first time, the hypertrophic responses were characterized on a
tissue-like cardiomyocyte culture model. The result will positively impact the in vitro
testing system because it lays the groundwork for understanding how heart tissues react to
controllable mechanical cues.
Mechanical stress has been known to induce sarcomere assembly for cardiac muscle
growth in length and width [50]. In abnormal physiology, cyclic elevated stresses and
strains are achieved at which the myocyte responds by growth and atrophy. Specifically,
sarcomeres are added in series to maintain the optimal sarcomeric length in response to
increased fiber strain, thus elongating cardiomyocytes; sarcomeres are added in parallel to
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maintain the interfilament lattice spacing in response to increased cross-fiber strain, thus
thickening cardiomyocytes. Myocytes adjust myofibrils to keep the optimal resting
sarcomere length at the peak of the length-tension curve.
As in hemodynamic overload, stretch cues on cultured cardiomyocytes induce
hypertrophic responses, such as enhanced protein synthesis and the expression of several
fetal genes. Previous studies showed that the cardiac response is direction-dependent,
resulting in different modes of hypertrophic growth [49]. Russell et al. demonstrated that
the direction of strain could be detected by differential phosphorylation of proteins in the
costamere. These proteins transmitted mechanical signaling to the Z-discs for parallel or
serial sarcomeric addition. In the process, thin filaments were added via the actin capping
process [50].
Our well-established neonatal myocyte culture was applied with sustained static stretch,
mimicking hypertrophy. Electrical stimulation was applied to the cell culture from Day 2.5
to Day 7; 4% static stretch was applied from Day 5 to Day 7. The in vivo-like ICDs formed
were not statistically different from those formed under 130kPa, suspended substrate with
electrical stimulation. This suggested that our system could be developed into an in vivolike hypertrophic model. A 4% static stretch was used for both longitudinal stretch and
transverse stretch. In 6% to 10% stretch, large regions of intense continuous staining and a
loss of striations were observed, similar to Gopalan’s study results [49]. Also, myofibril
disarray was observed in high strength ( > 8%) stretch.
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Immunofluorescence results demonstrated that the alignment of cardiomyocytes can still
be achieved in our mechanical stretch model. The hallmark of hypertrophy was shown in
our hypertrophic models, such as widen or split Z discs and multiple ICDs [9, 10, 12, 13].
Mechanotransduction is cardiomyocytes’ intrinsic ability to sense and respond to
mechanical load. Cardiomyocytes convert mechanical stimuli into biochemical events,
which lead to changes in myocardial structure and function. Although the process is far
from fully elucidated, several cytoskeletal and ICD structures are known as candidates for
load transducers, transferring stress generated at the actin-myosin complex, through the
sarcomere, Z-disc, and cytoskeleton, to the ICDs. In this study, the hypertrophic response
has been confirmed on transcriptional and translational levels of proteins at these structures.
Sarcomeres are vital sites for mechanotransduction. The sarcomere is made up of a
complex assembly of myofilament proteins (e.g., actin and myosin). These antiparallel
actin filaments are cross-linked by α-actinin at the Z discs, which delineate the boundaries
of sarcomeres. The actin filaments anchor themselves to the Z-discs by their barbed ends
with the regulatory proteins (troponin and tropomyosin) to form the thin filament.
Interdigitated with the thin filaments are thick filaments composed of bipolarly arranged
myosin. The center point holding the thick filaments is the M-band. The Z-line and the Mband arrange the sarcomere in the transverse plane. Titin connects these two components
in the longitudinal plane. The N-terminus of titin anchors into the Z-discs, and the Cterminus of titin anchors into the M-bands [105]. Mechanical forces generated by the
sarcomere are transmitted longitudinally and laterally to the ICDs of the cardiac muscle
cell for directionally dependent myocyte-stress sensing [106].
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Actin and myosin are major cytoskeleton components and transmit mechanical signals
that activate the hypertrophic response to increased hemodynamic load [107].
Our study found actin and myosin expression increased in cultures after applied electrical
stimulation and after longitudinal or transverse uniaxial stretch. However, the combination
of electrical stimulation and uniaxial stretch did not bring about a linear effect in cell
culture. This may indicate that cardiomyocytes have internal mechanisms to control the
extent of hypertrophy. As in previous studies [50], transverse stretch led to a greater
response in actin and myosin than longitudinal stretch. Compared with actin, the change in
myosin after stimulus application was at a higher level of significance.
α-actinin 2 is a protein encoded by the Actn2 gene. The Actn2 gene is associated with
dilated cardiomyopathy. The expression of the Actn2 gene is time-varied and directionvaried. In the early stage of the transverse stretch, the Actn2 expression was the highest. In
the early stage of the longitudinal stretch, Actn2 expression was the lowest. With time,
Actn2 expression in cultures with transverse stretch decreased and reached its lowest point
on the last examination day. However, Actn2 expression in culture with longitudinal stretch
increased and achieved their highest point on the last examination day. In a recent study,
Actn2 expression was different at early and late stages in cardiac remodeling [107]. The
profile of Actn2 expression after the transverse stretch was like its expression in the left
ventricle in the pressure-overload hypertrophy model.
A hallmark of hypertrophy is the reversion of gene expression to an immature state,
including down-regulation of α-MHC concurrently with up-regulation of β-MHC.
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Compared with α-MHC in rodents, β-MHC conserves energy but reduces contractility. A
previous study found that gene expression of α-/β-MHC was low after applying stretch
[89]. In our research, we found the same trend of α-/β-MHC decrease after uniaxial stretch
was applied. The decrease in α-/β-MHC after transverse stretch was significantly greater
than that seen after longitudinal stretch. Notably, we observed the highest α-/β-MHC gene
expression in the G3 model, possibly indicating that our G3 model potentially induced
maturation of MHC expression, but applied uniaxial stretch potentiated pathological MHC
expression.
The ICDs at the outer boundaries of the cardiomyocyte are possible key sites for sensing
and transduction of mechanical forces. Mechanical force or stress can be transmitted both
outside-in and inside-out through the membrane components of cells. Longitudinal
connections take place between cytoskeletal actin and FAs, as well as intermediate
filaments and desmosomal junctions. The electrical impulse is longitudinally transmitted
via GJ.
FA involvement in hypertrophy has been proposed. FAs are composed mainly of Ncadherin, a superfamily of calcium-dependent transmembrane adhesion proteins that
mediate adhesion at FAs. Cadherins activate the pathway of α-catenins and β-catenins. The
N-Cadherin colocalizes with the α-actinin in the peripheral Z-discs that anchor the actin
myofibrils at the cell-cell contacts. This structure, important in maintaining cardiac tissue's
structural and mechanical organization, has been proposed to be involved in the
hypertrophic response. Our study found that N-cadherin reached its highest expression
after electrical stimulation only; this may indicate the best intercellular connection
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achieved in our cell culture model. After uniaxial stretch was involved, the cellular
connection got damaged. Mechanosensing of FAs is mediated via stretch-activated ion
channels. N-cadherin expression under the transverse stretch was higher than that under
the longitudinal stretch in all compared groups.
Fatal ventricular arrhythmias are the characteristic consequence of pathological
hypertrophic remodeling. Alterations in action potential duration and ventricular re-entry
circuits arising from inhomogeneous conduction or conduction block may contribute to
arrhythmogenesis. The alternations in cell-to-cell conduction of electrical impulses may be
due to changes in the GJ expression pattern and composition [108]. Zhuang et al. showed
an increase in GJ plaques and conduction velocity after 6 hours of pulsatile stretch [95].
GJ consists of multiple GJ channels; a GJ channel is built of GJ proteins: Six connexins
interact to form a connexon on one cell surface. Two connexons from two opposing cell
surfaces align head-to-head to form an intercellular channel [109]. Three connexin genes
are expressed, including Cx 43, Cx 40, and Cx 45. Cx 43 is the predominant isoform in the
ventricles. Cx43 protein and its gene expression were upregulated after mechanical stress
in cultured rat neonatal cardiomyocytes, though the Cx 43 gene may decline early [95, 110].
This upregulation corresponded to an increase in conduction velocity mediated by VEGF,
with AngII and TGF-β involved. Dhein et al. found that the cardiomyocytes elongated with
accentuation of Cx 43 at the cell pole after cyclic stretch was applied [110]. The same
amount of static stretch resulted in qualitatively similar but more minor changes than cyclic
stretch. As in the previous studies, we found increased Cx 43 expression after uniaxial
stretch only; however, the highest point was reached after electrical stimulation only.

120

Chapter 4

Notably, the combination of uniaxial stretch and electrical stimulation decreased Cx 43
expression. The mechanism is still unclear. It may be contributing to the damaged cellular
connection and the exceeding workload. Like N-cadherin expression, expression of Cx43
is higher in transverse stretch than in longitudinal stretch in all compared groups.
Natriuretic peptide hormones have been proposed as outstanding candidates for
cardiovascular disease diagnosis. These hormones block cardiac sympathetic nervous
system activity. BNP (B-type natriuretic peptide), encoded by the Nppb gene, is
synthesized in the ventricular myocardium. BNP expression is closely related to leftventricular pressure and volume indices. Myocyte stretch is proposed as the stimulus for
BNP release. [111]. In our studies, the BNP reached a high level after the application of
electrical stimulation only. Our study showed that BNP was not significantly increased
after a uniaxial stretch at the early time. On the last examination day, the BNP gene
expression was significantly higher in stretch groups (G4-G9) than in control groups (G1G3).
Due to the minimal increase in BNP gene expression, the gene expression of BNP
receptors was examined. The binding of natriuretic peptides to NPR-B receptors, which
Npr2 encodes, on the surface of target cells, leads to the generation of the second messenger,
cyclic guanosine monophosphate. NPR-B has a pronounced negative inotropic and positive
lusitropic response to protect cardiomyocytes from hypertrophy [112]. Surprisingly, a
significant change of Npr2 expression was shown in culture after a transverse stretch at an
early stage. However, the increased expression of Npr2 decreased to a mild level gradually
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for the rest of the two days. This indicates that the receptors may adjust themselves at a
quick rate to counteract the mechanical stimulus.
VEGF is involved in hypertrophy, and the c-fos induced growth factor (Figf) gene is a
member of the VEGF ligands. VEGF, required for differentiation into cardiomyocytes and
involved in cardiac regeneration and improving heart function, preserves cardiac function
by reducing cellular apoptosis and myocardial fibrosis [113]. Our study found that Figf
reached the highest level on the first day after the transverse stretch. Like Npr2, it returned
to a mild level in the following two days. However, in a recent study, Figf expression was
lower in dilated cardiomyopathy patients than in the control group [114].
Cyclin-dependent kinase 8 (Cdk8) and cylindromatosis (Cyld) are two recently
discovered mediators in dilated cardiomyopathy. Cdk8 modulates transcription by bridging
chromatin-bound transcription factor with RNA polymerase II. A previous study showed
an increase of Cdk8 in the failing human heart. Overexpression of Cdk8 caused progressive
dilated cardiomyopathy, heart failure, and premature death [116]. Cyld was reportedly
involved in pathological cardiac remodeling via suppressing autolysosome efflux in
cardiomyocytes. Overexpression of Cyld exacerbated pressure overloaded cardiac
dysfunction [117]. In recent years, Cdk8 and Cyld are indicators for apoptosis in
hypertrophy. Our study reported that Cdk8 reached its highest level at the early stage of
the transverse stretch. The effect gradually decreased in the following two days. However,
Cdk8 showed minimal change or reduction in cultures under longitudinal stretch. Cyld
increased from the early stage of the transverse stretch and reached its highest level on the
last day of examination.
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Mechanical sensing is proposed to be direction-dependent: Simpson et al. showed that
specific directions and magnitudes of stretch regulate myofibrillar protein accumulation,
contractile protein turnover, and sarcomere structure in cultured myocytes [49]. Gopalan
et al. demonstrated the stretch response of the actin structures, cellular junction, and atrial
natriuretic factor [50]. In both studies, the hypertrophic response is more remarkable under
transverse stretch than under longitudinal stretch. These results are consistent with our
observations. There are differences between longitudinal and transverse stretch in
cytoskeleton proteins (actin, myosin), ICD proteins (N-cadherin and Cx 43), hypertrophic
related genes (Actn2, Npr2, Figf), apoptosis indicators (Cdk8, Cyld). These differences
may contribute to different cell growth patterns in vivo, such as eccentric vs. concentric
hypertrophy or regional differences in myocyte hypertrophy.
In this chapter, we examine the hypertrophic response of mechanical cues on our wellestablished culture model. For the first time, the hypertrophic responses were characterized
on a tissue-like culture model with step-like ICDs. Our model could better reflect the heart
tissues reacting to controllable mechanical cues compared with the previous model.

4.5 Conclusion
To conclude, our data proved that our in vitro mechanical stretch model based on a cell
culture with in vivo-like bioelectrical mechanical contraction could serve as an effective in
vitro hypertrophic model for further studies.
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5. Time-Lapse Imaging The Geographic
Patterns And Assembly Process Of
Sarcomeric Addition
5.1 Introduction
Sarcomeres, the most basic contractile units of a myofibril, repeat themselves along the
longitudinal direction. Sarcomeric addition is thought to be the molecular level process of
cardiac hypertrophy. Sarcomeres elongate cardiomyocytes by adding sarcomeres in series
and thicken by addition sarcomeres in parallel.
According to pathological hypertrophic patterns, hypertrophy can be separated into
eccentric and concentric hypertrophy [3]. In eccentric hypertrophy, increased volume of
returned blood enlarges the left ventricle with no alteration in relative wall thickness.
Increased diastolic tension appears to cause a serial replication of sarcomeres by fiber
elongation or lengthening [115].
In concentric hypertrophy, pressure-overload increases wall thickness without enlarging
the left ventricle, an adaptive process caused by hypertension and aortic stenosis. Left
ventricular peak systolic and end-diastolic pressures are significantly increased. The
resultant acute increase in peak systolic wall stress leads to sarcomeric addition in parallel
[115].
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When new sarcomeres are added, the contractile components (actin and myosin filaments)
and the structural components (α-actinin) are known to be synthesized before being
assembled into a sarcomere [24]. This involves unraveling and weaving hundreds of
sarcomeric proteins in the correct order and at suitable locations during continuous
contraction. Therefore, assembly of sarcomeric proteins into their functional unit, the
sarcomere, must be a rapid and well-coordinated process.
Microscopically, sarcomeres display a pattern of repeated dark and light bands. The dark
bands, or A bands, are primarily myosin filaments. The light bands, or I bands, are mainly
actin filaments. These antiparallel actin filaments are cross-linked by α-actinin at the Z
discs, which delineate the boundaries of sarcomeres.
Stationary images from hypertrophic models suggest the important roles of Z discs and
intercalated discs (ICDs). Observations in hypertrophic hearts have shown several
aberrations of Z discs (Z disc broadening [9], Z disc splitting[10], and Z disc register loss
[11]) that are not seen in normal hearts. Because the aberrations generate space, they are
hypothesized to be located at the site of the new sarcomeric addition. Alterations have also
been found at the ICDs. These alterations include increased fold amplitude of ICDs [12]
and an increase in the number of close-packed ICDs separated by ten or fewer sarcomeres
[13, 14]. Therefore, ICDs are postulated to be involved in new sarcomeric addition.
Yoshida et al. provided supportive evidence for sarcomeric addition occurring at ICDs.
After acute volume overload, cardiomyocyte elongation was accompanied by periodic
broadening and narrowing of ICDs [12].
Z disc and ICD aberrations have been seen in an in vitro hypertrophic model. Yu et al.
found that convoluted Z discs and ICDs after 10% static strain were applied to cell cultures
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[116]. Myosin is also proposed to participate in sarcomeric addition actively. Double-band
pitchfork-like myosin proteins are found in hypertrophic tissues and have been assumed to
be a signature of sarcomeric addition [57].
The emergence of TPEF and SHG technology allows further investigation of sarcomeric
structure. The TPEF/SHG imaging system is a powerful tool for studying the dynamic
process of sarcomeric addition. TPEF can be used to visualize structures with fluorescence
labeling; for example, in our study, α-actinin was marked with enhanced yellow fluorescent
protein [21]. SHG can be used to detect samples with noncentrosymmetric structures like
myosin without direct protein labeling [22]. Thus, sarcomeric components could be tracked
for successive assembly and maturation onto pre-existing myofibrils in the process of
sarcomeric addition.

5.2 Materials and Methods
5.2.1

Basic microscope system setup

The microscope system was described in previous articles [117]. Briefly, The
femtosecond laser beam from a Ti: Sapphire laser (Spectra-Physics) was adjusted to 830nm
and collimated to a 16X passive pulse splitter unit to achieve double beam diameter. The
expanded beam was directed to our custom-made optical microscope. An XY scanner
(Cambridge Tech) was used to steer the beam. After passing the scanning lens, the beam
was led to pass the tube lens via a dichroic beam splitter to double beam diameter. Then,
the beam passed the two-photon excitation dichroic beam splitter (Semrock) and a
polarizer-lambda/2 plate assembly before it was directed to the back entrance of the
objective (Olympus, W 60 X, 1.0 NA). The signal of TPEF was received through the
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excitation objective and two-photon excitation dichroic beam splitter, then recorded by a
photomultiplier tube (PMT, Hamamatsu) with an infrared filter (Semrock). The signal of
SHG was collected from the forward scattering direction through a condenser and recorded
by PMT after passing an infrared filter and a 405±10 nm bandpass filter (Semrock).
5.2.2

Splitter based microscope

The pulse splitter system was described in a previous paper [118]. The 16X pulse-splitter
unit consisted of splitters and a 4X pulse-splitter subunit (Figure 28). The exit beams from
the second beam splitter were recombined into one beam by a polarized beam splitter. The
half-wave plate in the path of the side beam was used to tune the polarization of the side
beam to achieve an optimal output. 16X pulse-splitter could achieve a lateral resolution of
0.49 µm and an axial resolution of 1.7 µm.
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A

Figure 28 Assembly of pulse splitter system. (A) schematic diagram

5.2.3

On stage incubator

The incubating system that fits the TPEF/SHG imaging system has been reported in our
previous study [20]. After culturing cardiomyocytes for four days, the transversal and
longitudinal stretch devices were fitted into the incubating system during real-time imaging
of tissue-like cardiomyocyte culture. The cell to be imaged was identified with the onephoton fluorescence channel first. Then, the light source changed into an 830-nm fs laser
beam. During imaging, the objective of the TPEF channel submerged into the culture
medium to focus cardiomyocytes. In the meantime, the condenser of the SHG channel was
adjusted to focus cardiomyocytes from the bottom of the substrate. The TPEF and SHG
signals from the sample were collected simultaneously through different channels. The
imaging started from Day 6 during the application of static stretch. Time-lapse images were
acquired from both channels every or two hours (hrs) over a 36 hrs period.
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5.2.4

Electrical stimulation synchronized

The beating of cardiomyocytes was overridden by external triggering to beat at 1 Hz.
Imaging was held for a while (0.25s) until cardiomyocytes were still. Then the images were
scanned for 0.7s when cardiomyocytes were at rest. The recording was stopped before
cardiomyocytes beat again. The trigger sequence is shown in Figure 29. For each frame, it
took about 4 s. Four frames were recorded on the stack. The total scan time is 16s. Scan
image software was revised to achieve synchronized recording. ImageJ was then used to
process the virtual stack.

Figure 29 Trigger sequence: (A) Trigger for CM beating; (B) Trigger for time-lapse
imaging.
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5.2.5

Plasmid transformation, amplification, extraction, and preservation

Dr. Sanger gave the dry plasmid as a gift. The mix & go transformation kit (Zymo) was
used in the transformation. Briefly, the component E Coli (DH5 Alpha, Zymo) was mixed
with 5ng alpha-actinin-plasmid DNA into a tube on ice. Then the mixture was gently mixed
for a few seconds. Then the mixture was spread onto an LB culture plate (Sigma-Aldrich)
containing Kanamycin. The plates were incubated at 37°C for the colonies to grow.
The colonies of transformed E. coli were taken and added into liquid LB broth (SigmaAldrich) with 100× kanamycin overnight to expand for plasmid amplification. The
plasmids were extracted using QIAGEN Plasmid Mini and Midi kits following the
manufacturer’s instructions.
For plasmid preservation, 1ml LB mixture in a microcentrifuge tube was centrifuged for
10min at 3000-6000g. After centrifuge, 500ul LB broth was removed, and 500ul sterile 50%
glycerol was added in each tube. Then the pellet was resuspended. The E Coli was stored
at -80℃.
5.2.6

Transfection

The cells were transfected on Day 4. Before transfection, the culture medium was
changed to DMEM supplemented with 10% fetal bovine serum (Sigma-Aldrich) without
antibiotics. According to the manufacturer's instructions, plasmids with the cDNA
sequence of the enhanced yellow florescent protein (EYFP)-conjugated sarcomeric alphaactinin were transfected with Xfect kits (Takara). When plasmids were transfected into
cardiomyocytes, the concentration of plasmid was 200ng/ml.
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5.3 Result
5.3.1

Transfection imaging for visualization of Z-discs and ICD

The cardiomyocytes were transfected with the plasmids of α-actinin with enhanced
yellow fluorescence protein. The transfection efficiency of the Xfect transfection reagent
was 5~10 % for cardiomyocytes. The Z discs were labeled with α-actinin. After 24 hrs, the
sarcomeric pattern started to form in the cells, as shown in Figure 30A. The clearest
transfection was shown at about 48 hours, as shown in Figure 30B-C. It lasted for about 36
hours. After 84 hours, the transfected structures became faint and lost details. After 96
hours, continuous spots replaced the sarcomeric pattern, as shown in Figure 30D. The best
time range for α-actinin imaging was 48-84 hrs after live staining.
A
24 hrs

B

C

48 hrs

D
96 hrs

Figure 30 The representatives of live staining of α-actinin with enhanced yellow
florescent protein. (A) at 24 hrs; (B-C) at 48 hrs; (D) at 96 hrs. The scale bar is 10µm.
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ICDs could be visualized with α-actinin live staining as well. The yellow fluorescence
protein could delineate the outline of the cardiomyocyte. The short sides represented the
ICDs.
5.3.2

SHG for visualization of ICD

Contractile components, myosin, could be visualized with SHG without labeling. In the
live animal tissue SHG imaging, the 1-2 µm gaps between two cells were identified as the
ICDs (Figure 31A). In our culture model, a similar structure has been displayed and
identified as ICDs (Figure 32B).
A

B

Figure 31 Representative of SHG imaging showing ICDs. (A) live tissue; (B) cell
culture. Yellow arrow: the ICDs. Scale bar = 10 µm.

5.3.3

The time-lapse imaging of sarcomeric addition in a tissue-like culture

Z discs and ICDs were visualized with our two-channel TPEF/SHG imaging system. The
most common place for sarcomeric addition is the middle of a cardiomyocyte (Figure 32).
First, myosin appeared in a gap between two preexisting sarcomeres, referred to hereafter
as a myosin nucleus. Simultaneously, widened α-actinin overlapped the newly created gap.
The initially faintly visualized myosin gradually grew to a typical length, and the α-actinin
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thinned back to the side of the myosin. In some cases, another myosin nucleus appeared
beside the sarcomeric insertion position, with a new gap appearing. The rate of sarcomeric
addition at the middle of a cardiomyocyte is about a sarcomere per 4-10 hours.

2hr

4hr

6hr

10hr

Figure 32 The representative images of a sarcomere added in the middle of a
cardiomyocyte after transverse stretch. Red/white: myosin; Green: α-actinin. Scale bar
= 10 µm.
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Sarcomeric addition or sarcomeric deletion (Figure 33) in the middle of a cardiomyocyte
could cause curved or misaligned myofibrils.

Figure 33 Representative images of curved myofibril during sarcomeric deletion after
transverse stretch. Red: myosin; Green: α-actinin. Scale bar = 10 µm.

A second position for sarcomeric addition is at the free end of two adjacent
cardiomyocytes, as shown in Figure 34. This process always occurred after the transverse
stretch. The myosin used an existing sarcomere as a template to form a myosin nucleus,
then added to itself one segment at a time at the free end of the myofibril. In another case,
α-actinin was involved in this process. Myosin anchored to a pre-existing sarcomere as a
myosin nucleus. At the same time, a cluster of α-actinin substances appeared near the
myosin nucleus. Then, the myosin nucleus grew to the typical length of myosin and the αactinin thinned back to the side of the sarcomere.
The speed of sarcomeric addition at free ends was faster than that in the middle of a
sarcomere. The rate of sarcomeric addition at a free end was about a sarcomere per 2-3
hours.
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1

1

2

3

1

2 hr

4

1

6 hr

2

2

3

4 hr

4

8 hr

Figure 34 Representative images of a sarcomere being added at a free end under
transverse stretch. The numbers indicate the number of sarcomeres. Yellow numbers
indicate the new sarcomeres.

Our imaging confirmed that the step-like ICDs are another place where sarcomeric

addition occurred as shown in Figure 35. A substance containing α-actinin appeared at a
step-like ICD; a myosin nucleus was visible at the same position. Further, the narrowing
and broadening of ICDs were observed with the sarcomeric addition. The typical ICD
width is 1-2 µm. In the sarcomeric addition process, first, the ICD width increased; then,
the myosin nucleus anchored to the side of the existing myofibril. After that, the distance
between the two myosins decreased to less than 1 µm. Finally, that distance of the ICD
increased again to a typical ICD width.
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2 hrs

6 hrs

8 hrs

Figure 35 Representative images of sarcomeric addition at ICD under transverse
stretch. Yellow arrow indicates ICD where sarcomeric addition occurred. Scale bar =
10 µm.

5.4 Discussion
Investigating the sarcomeric addition in tissue-like culture during hypertrophy is critical
to understanding cardiac growth under normal and overload conditions. The study's
objective reported here was to confirm the topographic pattern and order of sarcomeric
addition in tissue-like culture under hypertrophic conditions. Because of the difficulty of
time-lapse imaging in live tissue, neonatal cardiomyocyte culture under hypertrophic
conditions was used as an alternative.
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Transfection was carried out on Day 4. The clearest florescent staining was shown on
Day 6 and may last two days. The average imaging time was about 18 hrs. On Day 7, the
cardiomyocyte lost its sarcomeric pattern, probably because of plasmid excretion.
Z discs are the structures most frequently altered in cardiac tissue during hypertrophy;
thus, alteration of Z discs has long been hypothesized to be the interphase stage of new
sarcomeres. Our results showed that the middle of the fiber, where Z disc broadening
occurs, is a site for sarcomeric addition. Z-discs may act as a platform for actin filament
polymerization internally although the mechanism remains unknown.
The sarcomeric addition or deletion in the middle of cardiomyocytes caused the curved
myofibril and misaligned sarcomeres to form. The misaligned sarcomeres have been
proposed to hinder the force generation, leading to impaired contractility [119].
With an SHG microscope, Yang et al. observed dynamic sarcomeric addition in single
neonatal cardiomyocytes in a 3D culture system under acute, uniaxial, static sustained
stretch [71]. Similarly, in our hypertrophic model, we observed sarcomeric addition occur
at the middle (Figure 32) and free ends (Figure 34) of cardiomyocytes. Regarding the
relationship of Z discs and the cytoskeleton protein myosin, we observed Z discs that were
clustered (dense) at about the same time and same position as the appearance of the myosin
nucleus.
Myofibrillar remodeling is achieved structurally through the sequential addition of
sarcomeres. Clues for length remodeling may be taken from adult skeletal muscle
remodeling. Myofibrillar lengthening is accomplished by adding the new sarcomeres at the
ends of the fibers near myotendon junctions. Fibers end with quite irregular structures, and
some sarcomeres have been seen to creep ahead of others. These sarcomeres may be used
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as a template to elongate the cell. The analogous terminal structure in heart tissue is the
ICDs, where force is transmitted longitudinally through FAs. Notably, widened ICDs with
irregular shapes and dense architectures are more common in myopathic hearts than
healthy ones [7]. In our study, new sarcomeres were observed being added at the ICDs as
shown in Figure 35. Through live-cell imaging, we were able to confirm the hypotheses
proposed from stationary images. Our data suggested that existing sarcomeres serve as
templates for sarcomeric addition. The narrowing and broadening in ICDs may be related
to sarcomeric addition [12, 25].
Notably, we commonly saw myofibrillar branching in cultures under transverse stretch.
The branching process produced free ends of myofibrils. Sarcomeric addition was faster at
these free-end branches than in the middle of cardiomyocytes. This could explain the
greater extent of the cytoskeletal accumulation under transverse stretch than under
longitudinal stretch.

5.5 Conclusion
To conclude, Z discs and ICDs are the places where sarcomeric addition occurs. The
sarcomeric addition order is 1) myosin nucleus form with gap generated 1) Z discs widen
or form a cluster at the places of myosin nucleus; 2) myosins insert in the middle of the
widened or clustered Z discs and grow to a typical length; 3) the Z discs gradually thin
back to a typical length.
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6. Future work
Not only does ICD morphology determine function, the morphology changes with the
development of pathological conditions and causes malfunction of cardiomyocytes. In the
last decade in cardiomyopathy and gene deletion models, the transition of ICDs from a
physiological to a pathological morphology was found [14, 120]. These morphological
changes were correlated to their final effects on cardiomyocyte development and
remodeling, which are regulated by cell-cell coupling mediated through ICDs.
Consequently, studying physiological cell development and remodeling in a cell culture
model requires establishing in vivo-like ICD morphology to assure physiological cell-cell
coupling. In the future, our in vitro model with step-like ICD can be used to study the
physiological and pathological features of ICDs and drug testing.
In addition, the dynamic interaction of myosin and other sarcomeric proteins needs
further investigation, such as titin or N-cadherin. A Higher-resolution microscope is needed
for studying the details.
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